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Forward

This reportsummarizesanexperimentalstudyof thecapabilityto measureoceansurface

wind directionfrom spaceusinga conical-scanningpassive microwave polarimeter. The

studywasoriginally undertaken to provide corroborationof the evidenceobtainedusing

theDMSPSSM/I sensorthatsuggestedthatoceansurfacewindsimpartdeterministicand

measurablebrightnesstemperatureanisotropieson the upwelling radiationfield, andthat

theseanisotropiescanbeusedto remotelysenseoceansurfacewind direction. Thestudy

extendstheSSM/Iwork by developingageophysicalmodelfunction(GMF) for additional

frequenciesandpolarizations,demonstratinga maximumlikelihoodwind vectormapping

algorithm,andillustratingthepotentialaccuracy of satellite-basedmeasurementsof ocean

surfacewindsthroughsimulationsusingrealdownsampledaircraftdata.

By focusing on high-resolutionimaging of the oceansurface using a new air-

bornepolarimetricimagingradiometer(the PolarimetricScanningRadiometer, or PSR),

theSSM/I measurementswerecorroboratedin themeanover mesoscalesizedregionsof� 30km extent.ThePSRis thefirst radiometerinstrumentto providehigh-resolution( � 1-

2 km spotsize)multiband(10.7, 18.7, 37, and89 GHz) polarimetric(first threeStokes

parameters:��� , ��� , and ��� ) imageryof the oceansurface. The resultsin this reportare

basedon extensive aircraft observationsmadeusing the PSRover the LabradorSeaand

othereasternU.S.offshoresites.

ThePSRLabradorSeaflightsprovideddatato developanextendedGMF for ocean

surfacethermalemissionfor � � , � � , and � � at 10.7and37.0GHz, andfor � � and � � at

18.7GHz. Whentheraw datawereaveragedover a largenumberof scansto reduceboth

instrumentand geophysicalnoise,excellent agreementbetweenthe PSRand SSM/I 37

GHz azimuthalharmonicamplitudeswasobtainedfor therangeof wind speedsfrom near



calm to � 16 ms	�
 over large footprint areasand for an ensembleof ocean-atmosphere

states.TheGMF alsoshows excellentconsistency betweenamplitudesandphasesof the

azimuthalharmonicsfor the10.7,18.7,and37.0GHzchannels,with harmonicamplitudes

monotonicallyincreasingby � 50� from 10.7to 37.0GHz.

On smallerspatialscales,the 
�� and 
�� dataoftenshowed local brightnessvaria-

tionsof up to 10-15K thatarerelatedto thepresenceof convectionand/orunstableair-sea

conditions.Atmosphericconditionssuggestthatthesebrightnessperturbationsarecaused

by surfacewave spectrumvariations. Suchconditionsdid not influencethe 
�� imagery

nearlyasmuch,and in many instancesvirtually no impactwasseenin 
�� . The degree

to which 
 � rejectssuchconvection-relatedperturbationsindicatesthat the polarization

signaturewill providevaluableinformationon surfacewave,andhencewind, direction.

ThePSRGMF wasusedto demonstratethefirst aircraft-basedpassivemicrowave

mapsof oceansurfacewind fieldsusingamaximumlikelihood(ML) estimatorwith adap-

tive channelweights. One-dimensionalwind line plots were developedusing full 360�
azimuthalscans,andtwo-dimensionalwind field mapsoveraregionof � 14 � 100km were

developedusinga two-look technique.Both one-andtwo-dimensionaltechniquesshow

that oceanwind directionsignaturesover mesoscale-sizedregionsof � 15 km or greater

sizeareconsistentenoughfor satellitemappingusinga two-look polarimetrictechnique

that includes 
�� . Moreover, adaptive channelweighting allows useof all radiometric

channelsduring conditionswherethe azimuthalharmonicshave high signal-to-noisera-

tio (SNR),but emphasizesthelowerfrequency channelsduringconditionswhenthehigher

frequency channelsbecomeperturbedby eithercloudsor surfaceroughness.

SatellitesimulationsusingthePSRdatadownsampledto spotsizessimilar to that

of theSSM/I, but includingbothtri-polarimetricchannels(
 � , 
 � , and 
 � ) andtwo-looks

show retrieval accuraciesof � 8.4� and � 0.8ms	�
 without directionalambiguities.These

resultsstronglysupportthe conceptof satellite-basedpassive oceansurfacewind vector

mapping.Whenthethird Stokesparameteris removedthesimulatedretrieval accuracy was

reducedto � 12.6� and � 1.0 ms	�
 , with a significantincreasein ambiguityrate(11.1� ).
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Whena tri-polarimetricsystemis usedbut with only onelook, the accuracy is � 14� and� 1.6 ms��� , althoughthe ambiguity rate is slightly lower (7.7� ). It is notedthat these

simulationaccuraciesareconsistentwith errorvaluespredictedusingtheCramer-Raoerror

boundfor retrievals of multichannelsinusoidalsignalphasesin the presenceof satellite

radiometermeasurementnoise.Thesimulationsalsoshow thatwind directioninformation

significantlybenefitsthe retrieval of wind speedby resolvingsmall azimuthalbrightness

perturbationsthatwouldotherwiseproducewind speederrors.

Thehardwaredevelopmenteffort underthis contractalsoresultedin several inno-

vationsusefulfor spacebornepassive microwave wind directionsensing.The useof a 1

GS/secthree-level digital polarizationcorrelatorin thePSRshowedfor thefirst time that

accuratecalibratedpolarimetricmeasurementscanbemadeusingonly standardunpolar-

izedambientandcold calibrationtargets.Suchcalibrationstandardsarereadilyavailable

in a spaceenvironment. The correlatordemonstrationalsorequiredthe developmentof

new expressionfor the responseof a digital correlatorto the input correlationcoefficient,

correlatorA/D converteroffset, andA/D converterhysteresis.The utility of a polarized

calibrationstandardfor ground-basedpre-flight calibrationof the threefirst threeStokes

parameterswasdemonstrated.Sucha calibrationstandardshouldbeusefulfor pre-launch

calibrationof polarimetricsensorssuchasWindSatandCMIS.

Theairbornevalidationstudyalsoprovidedthefirst scannedpolarimetricimaging

radiometersuitablefor post-launchsatellitecalibrationandvalidationof avarietyof future

spacebornepassivemicrowavesensors.Thecapabilitiesof thePSRfor airbornesimulation

arecontinuouslybeingexpandedthroughthe developmentof new mission-specificscan-

headsto provide airbornepost-launchsimulationof a variety of existing andfuture U.S.

sensors,includingCMIS, ATMS, AMSU, SSMIS,WindSat,TMI, RAMEX, andGEM.

In essence,this report is the thesisof Dr. Jeffrey Piepmeier1, andis arrangedas

follows: Chapter2 describesdigital correlationpolarimetryandthe correlationhardware

usedin thePSR.Chapter3 describesthePSRhardwareanddataprocessingandincludes
1Piepmeier, J.R. Remote Sensing of Ocean Wind Vectors by Passive Microwave Polarimetry. Ph.D.thesis,

Georgia Instituteof Technology, 1999.
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observed imageryobtainedduring theLabradorSeaexperiment.Chapter4 describesthe

PSRcalibration.Chapter5 describestheoceansurfaceGMF developedfrom theLabrador

Seameasurements.Chapter6 describestheML wind vectorretrieval algorithm,theadap-

tivechannelweightingalgorithm,andtheML Cramer-Raoerrorbound.Wind vectormaps

retrievedusingPSRbrightnessimageryasshown. Chapter7 describestheresultsof several

simulatedsatelliteretrievals.

Additional informationon thePSRandupdateson theanalysisof PSRdatafrom

several relatedexperimentscan be found on the internetat the NOAA/ETL web page

http://www1.etl.noaa.gov/radiom/psr.html. PSRdatafrom the1997HurricaneWindsEx-

periment(HOWEX) andthe1998Third ConvectionandMoistureExperiment(CAMEX-

3) are currently being analyzedto extend the LabradorSeaGMF to higher wind speed

regimes.
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CHAPTER 1

Intr oduction

Passivemicrowave remotesensingis a valuabletool for providing global,all weather, day

andnight observationsof theEarth’s oceans.Suchobservationsarevaluableto thescien-

tific, defense,andindustrialcommunities.Oceanobservationsareusedto initialize and/or

verify oceancirculation,air-seainteraction,and atmosphericmodels. Improved perfor-

manceof suchmodelsfacilitatesoperationalweatherforecastingandmodelingnecessary

to predictglobal climatechange.TheUnitedStatesNavy reliesheavily uponmicrowave

satelliteenvironmentalproductsin carryingout tacticaloperations.Globalobservationsof

oceanwindsandwavescanaid theinternationalshippingindustryin operationsplanning,

for example.Hence,thereis aneedfor asystemto providetimely, accurate,high-resolution

oceansurfaceobservationswith globalcoverage.

Remotesensingof theboundary-layerwind speedusingsatellitebasedmicrowave

radiometershasbeenanestablishedtechniquefor nearlytwo decades(e.g.,[44, 28]). The

techniqueis basedupontherelationshipbetweenoceansurfaceemissivity andnear-surface

wind speed.Horizontalflow appliesstressto thesurface,whichbecomesincreasinglydis-

turbedandroughenedwith higherwind speeds.Thesurfacerougheningandthepresence

of foam (causedby wave breaking)increasesthe surface’s microwave emissivity (e.g.,

[56, 15, 65]), resultingin a measurableincreasein brightnesstemperatureof < 1 K per

ms=�> . Theradiometrictechniqueis mostviablefor wavelengthsof < 1-3 cm becausethe

transmissivity over this rangeis reasonablyhigh throughmostcloudsandwatervapor, and

the satelliteantennasizesrequiredto achieve mesoscalefootprint sizes( < 20-30km) are



moderate( ? 1-2m). TheSpecialSensorMicrowave/Imager(SSM/I),flown ontheDefense

MeteorologicalSatelliteProgram(DMSP) Block 5D-2 satellitesis usedoperationallyto

globallymapscalarwind speed.

Spacebornescatterometersaretheonlysensorscurrentlycapableof providingglobal

observationof theoceansurfacewind vector, that is, bothspeedand direction. Examples

includetheNASA scatterometer(NSCAT1) (launchedin August1996)[45], theEuropean

SpaceAgency’sERS-1and-2scatterometers(launchedin 1991and1995,respectively) [3],

andthe SeaWinds scatterometer(plannedlaunchin mid-2000)[68]. While suchsensors

provideoperationalcapability, they incorporatemicrowavetransmitters,whichrequiresig-

nificantelectricalpower, andutilize complex signalprocessinghardwarethatmustfly on-

boardthespacecraft.In theretrieval of wind vectorsfrom scatterometerdatatherealsoex-

istsaproblem,namelydualdirectionalambiguityof thesolutions(e.g.,[55]). Thecomplex

hardwarerequirementsandretrieval ambiguityproblemsareundesirablecharacteristicsin

a low-costoperationalwind vectorsensor.

A potentialalternativeto scatterometryis passivemicrowavepolarimetry. Develop-

mentof passive microwave polarimetryfor measurementof boundarylayer wind vectors

hasonly recentlyreceivedattention(e.g.,[66, 71,50]). Thelatency in developmentof the

polarimetricwind directiontechniquestemsfrom therelatively smallazimuthalbrightness

signaturesproducedby a wind-drivenoceansurface(typically ? 0.5-3K in amplitude),as

well as the somewhat increasedcomplexity of a microwave polarimetervis- @A -vis a con-

ventionalradiometer2. A distinctionis drawn betweena polarimeteranda radiometerby

consideringa completedescriptionof theradiationfield asdefinedby themodifiedStokes
1NSCAT provided 10 monthsof databeforethe failure of the ADEOS spacecraftterminatedthe data

streamin June1997[29].
2Also of noteis that the investigatorswho madetheearlyefforts at modelingthesea-surfaceemissivity

purposefullyaveragedover theazimuthalanisotropy of thewind-drivenoceansurfaceto make thecomputa-
tionalproblemtractable.
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vector[60]:
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Im
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where
X J

and
X K

arethecomplex verticalandhorizontalfield amplitudesfor anarrow band

of frequenciesabout \ , T is thewave impedance,Q thewavelength,and U E^]*_ `*a6b9] ced S f
JK
d�g

is Boltzmann’s constant.The units of
B C

areall Kelvin. While a conventionalra-

diometermeasuresthe first two elementsof the Stokesvector(
B�J

and
B K

), a polarimeter

measuresat leastoneof the third or fourth throughanappropriatecross-correlationtech-

nique.

Thefirst two modifiedStokesparameters
B�J

and
B K

canbemeasuredusingstandard

linearly-polarizedtotal-power radiometers[61]. Detectionof the third andfourth Stokes

parameters,however, requirestwo additionalmeasurementsto effectively performthecor-

relationsin (1.1). Polarimetersfall into oneof two basiccategories:additivepolarimeters

and direct correlatingpolarimeters.The additive polarimeterusesmeasurementsof the

brightnesstemperatureof at leasttwo additionalpolarizationstates,e.g.,45h linearly po-

larized(
B�i j k

) andeither left- or right-handcircularly polarized(
B�l

or
B�m

). The third and

fourthStokesparameterscanbefoundusingthesumsanddifferencesof thefour measured

brightnesstemperatures.Thedirectcorrelatingpolarimeter, ontheotherhand,estimates
B�L

and
B M

by cross-correlatingtheinstantaneousvoltagesignalsof theverticalandhorizontal

channels.Theactualcorrelationcanbeperformedby eitheranalogor digital multiplying

circuitry.

Several mechanismscancontribute to polarimetercalibrationerrors. In the addi-

tive polarimeter, receiver andsignalcombiningnetwork imbalancescancausemixing of

all four Stokesparameters,theamountof which mustbeknown. Onemethodfor compre-

hensive calibrationof thefirst threemodifiedStokesparametersusesa rotatingpolarized

calibrationstandard[20]. Useof thepolarizedstandardin space,however, requiresaddi-
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tional hardwarebeyond the conventionalambientandcold blackbodystandardsthat are

commonlyused. Thus, it is desirableto designsystemsrequiring minimal amountsof

calibrationhardware. While an analogcorrelatorcanbe usedto determinen�o or n�p , its

responsegenerallywill requirethein-situ identificationof gainsandoffsetsof multiplica-

tion anddetectioncircuitry. Sucheffectscanbeminimizedby propertuningandbalancing,

but eliminationof long termdrift in detectionandvideocomponentscanbeprohibitively

expensive.

To simplify thecalibrationproblemdigital correlationis presentedin Chapter2 asa

solutionfor precisemeasurementof n o or n p . Here,horizontalandverticalIF signalsare

sampledat theNyquist rate,thedigital samplescross-correlatedusingfastmultiplication

circuitry, andtheresultingproductsintegratedvia digital accumulation.Providedthat the

digitizedsignalcontainsno DC componentandtheA/D conversionis performedideally,

thecorrelationcoefficient canbeobtainedwithout offsetandleakagecomponents.A fur-

ther advantage(discussedin Chapter4) of usinga digital correlatorwith morethanone

bit (or two levels) of quantizationis that in-situ calibrationcanbe performedusingonly

conventionalunpolarizedviewsof two targets.

Thefirst measurementof thebrightnesstemperaturedependenceonboundarylayer

wind directionwasperformedby Bespalovaet al. [5]3. Nadiraircraftobservationsrevealed

a 5 K increasein brightnesstemperaturewhenthe polarizationvectorwasalignedin the

along-winddirectionversusthe cross-winddirection. Theseobservationsconfirmedthe

modelpredictionsmadebyKravstov et al. [39]. Laterstudiesby Etkin et al. [16] andIrisov

et al. [35] confirmedandmorethoroughlyinvestigatedthe nadir brightnesstemperature

anisotropy of theoceansurfaceandits relationshipto boundarylayerwinds.

In the late 1980’s, satellitewind speedmeasurementsmadeusing the SSM/I at

an off nadir incidenceangleof 53.1q wereobserved by Wentzto have an error that was

dependentupon the wind direction [66]. From the analysis,n�r and n�s at 19 and 37.0

GHz were shown to have t 1-3 K directionalvariation. As illustratedin Figure 1.1(a-
3It is notablethatRussianscientistsmadetheinitial theoreticalandobservationaldevelopmentsabout20

yearsago.
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b), u�v exhibits a first-orderazimuthalharmonicvariation(indicativeof upwind-downwind

surfaceasymmetry),while u�w exhibits a second-orderharmonicvariation(evidenceof the

along-windandcross-windsurfaceanisotropy).

In additionto u v andu w , thethird Stokesparameteru�x wasobservedusinganadir-

viewing polarimeteraboardan aircraft by Dzuraet al. [14] andwasfound to have sig-

nificantdependenceon wind direction. Subsequentwave-tankandaircraftmeasurements

usingfixed-beamradiometersconfirmedthepresenceof the u�x signatureatoff-nadirview-

ing angles[21, 70]. While similar in amplitudeto u�v and u�w , the third Stokesparameter

is in phase-quadraturewith respectto thewind direction,asseenin Figure1.1(c). Recent

observationsof the fourth Stokesparameterhave revealedits phase-quadraturenatureas

well [25]. Becauseof this characteristic,u�x (andpossibly u�y ) canprovide key informa-

tion necessaryto removeambiguitiesin thewind directionsignaturesof u�v and u�w . These

polarizationparametershavealsobeenshown to belessaffectedby thepresenceof clouds

andlocal convectionthanthe first two parameters[22]. Finally, theseparametersareef-

fectively zeromean,andlesssubjectto misinterpretationcausedfrom fluctuatingbaseline

values.

Although several investigatorshave measuredthe microwave wind-directionhar-

monics,the useof fixed-beamradiometershasprecludedthe acquisitionof polarimetric

imagery of thewind-drivenocean.An airborneconically-scannedpolarimeter, thePolari-

metricScanningRadiometer(PSR),hasbeendevelopedaspartof thisdissertationresearch

to observe morefully thepolarimetricemissionof theoceansurface(seeChapter3). The

PSRwasthe first airborneconically-scanningpolarimeter, andwasfirst flown during the

LabradorSeaexperimentin March1997on theNASA WallopsFlight Facility’s Orion P-

3B researchaircraft[48,24,19]. For theLabradorSeaexperiment,thePSRwasconfigured

with four radiometersat10.7,18.7,37.0,and89.0GHz. A unique1 GS/sdigital correlator

[49] providedmeasurementsof thethird Stokesparameteru x at 10.7and37.0GHz.

ThePSRimageryrevealsthesystematicwind-directionsignatureaswell asavari-

ablecomponentwhicharisesfromcloud(andpossiblysurfaceroughness)inhomogeneities.
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Figure1.1: Passivemicrowaveazimuthalwind-directionharmonicsfor 12msz�{ winds: (a-
b) verticalandhorizontalpolarizationat 19GHzand53.1| incidence[66], (c) third Stokes
parameterat 19 GHzand50| incidence[70].
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Using the imagery, wind-directionharmonicsweremeasuredover a wide rangeof wind

speedsanda geophysicalmodelfunction (GMF) for azimuthalbrightnesswasdeveloped

(seeChapter5). Over wide regions ( } 30 km in size) the LabradorSeaGMF model is

shown to comparefavorably with the model function found by WentzusingSSM/I data

[66]. Comparisonof thePSRGMF with a recentSSM/I investigationby Bateset al. [4]

revealdiscrepancies(particularlyin the ~�� harmonicamplitudes),whichsuggestthataddi-

tionalprocessesbeyondthesurfacewind speedhave influenceuponthebrightnesstemper-

atureharmonicamplitudes.

Passive microwave wind vectorretrieval algorithmsappearingin the literaturein-

cludea sum-of-squares(SOS)minimization algorithm [66] and a neuralnetwork based

estimator[18]. TheSOSalgorithmis sub-optimalbecausethe relative noisesof thevari-

ousinput channelsarenot usedto weight thechannelsappropriately. Theneuralnetwork

basedestimatoressentiallyapproximatestheinversionof theGMF by learningfrom train-

ing data;however, anestimateof theretrieval errorvarianceis notdirectlycalculablefrom

the neuralnetwork. Therefore,a multi-look retrieval methodbasedupon the maximum

likelihood(ML) principle [62] wasdeveloped(seeChapter6) to simultaneouslyretrieve

boththespeedanddirectioncomponentsof thewind. ThestandardML methodwasmodi-

fied to allow for theadaptationof channelweightsto compensatefor GMF modelingerror.

Another favorableattribute of the ML wind vectorestimatoris the ability to computea

minimumboundon theerrorstandarddeviation (i.e., theCramer-Raobound).Theutility

of the multi-look retrieval techniquein both one-dimensionalandtwo-dimensionalwind

field mappingis demonstratedusingconically-scannedpolarimetricmicrowavebrightness

imageryobtainedduringtheLabradorSeaexperiment.Theconically-scanningconfigura-

tion of thePSR,asopposedto a fixed-beamradiometer, makespossiblethemeasurement

of a two-dimensionalwind vectorfield from theaircraft.

The configurationof a passive microwave wind vectorsatellitewas initially pro-

posedby Wentz[66] to usetwo looksat eachsurfacecell becauseat thetime theutility of

the third Stokesparameterwasasof yet not clear. With theknown propertiesof ~�� (and

7



Fore-look Aft-look

Ground swath

Figure1.2: Passive microwave satellitesensorin two-look conically-scanningconfigura-
tion.� � ), however, a spacebornepolarimetersystemmight only needonelook at a surfacecell

to measurethewind vector. Thetwo-look surfacecoverageof a conically-scanningsatel-

lite sensoris illustratedin Figure1.2. SatellitesensorscurrentlyplannedincludeWindSat

[17] and the ConicalMicrowave Imager/Sounder(CMIS) of the NationalPolar-orbiting

OperationEnvironmentalSatelliteSystem(NPOESS).WindSatconfigurationis designed

(becauseof calibrationloadplacement)for two-look mappingalongone-halfof its swath

andone-lookmappingalongthe otherhalf. The scanningconfigurationandpolarization

selectionis an openquestion. Simulationsin Chapter7 help to quantitatively measure

threecases:a two-look polarimeter, a two-look radiometer, anda one-lookpolarimeter.

ThemeasuresusedincludetheRMS retrieval accuracy andthedirectionalambiguityrate.

The sensitivity of the two-look polarimeteris alsocomparedto the retrieval Cramer-Rao

boundfor a rangeof radiometricsensitivitiesandthreefrequency bandcombinations.

Thethesisis arrangedasfollows: Chapter2 describesdigital correlationpolarime-
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try andthecorrelationhardwareusedin thePSR.Chapter3 describesthe PSRhardware

anddataprocessing,aswell assomeobservedimageryobtainedduring theLabradorSea

experiment.Chapter4 describesthePSRcalibration.Chapter5 describestheoceansurface

GMF developedfrom LabradorSeameasurements.Chapter6 describestheML wind vec-

tor retrieval algorithmandits associatedCramer-Raoerrorbound. Wind vectormapsare

retrievedfrom brightnessimageryobtainedusingthePSR.Chapter7 describestheresults

of severalsimulatedsatelliteretrievals.

This thesisdescribesa systemfor high-resolutionwind vectorfield mappingusing

passive microwave polarimetry. Contributionsto passive microwave polarimetryinclude

developmentandsuccessfuloperationof a high-speeddigital correlatorfor third Stokes

parameterdetection,aswell astheprecisecalibrationof thedigital correlationpolarimeter

usingviews of two unpolarizedtargets. Contributionsto passive polarimetricmicrowave

remotesensingof theoceanincludemeasurementsof wind directionharmonicsfor ��� , ��� ,
and ��� , andtheML wind vectorretrieval algorithm.

9
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CHAPTER 2

Digital Corr elation Polarimetry

Thefundamentalsof digital polarimetricradiometryaredescribedin thischapter. Thedig-

ital polarimeterusesadigital correlatorto performthecorrelationsrequiredto measurethe

third and/orfourth Stokesparameter(s).Therelationshipsbetweenthesignalinput statis-

tics andthecorrelatoroutputsarederivedandusedto computetheassociatedradiometric

sensitivities. Systematicerrorsdue to systemnonidealitiesand their mitigation through

designarealsodiscussed.Usingthesedevelopments,thefirst widebanddigital correlating

polarimeterwasbuilt anddemonstrated.Theperformanceof thepolarimeteris described

here.

2.1 Background

The modified Stokes vector can be usedto fully describethe second-orderstatisticsof

the quasi-monochromaticradiationfield at a point in space.The elementsof the modi-

fied Stokesvector, in units of brightnesstemperature(Kelvin), aredirectly relatedto the

following ensembleaveragesof theincidenttransverseelectricfield components[60]:

���F�
��������
������������

� ������� �R������
��������

� � � � � � �� � � � � � ��
Re
� � � �6�� ��

Im
� � � �6�� �

� ������� (2.1)
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Figure2.1: Block diagramof a typicaladditivepolarimeter.

where � is thewavelength,  is the impedanceof themedium,and ¡ is Boltzmann’s con-

stant.Here, ¢D£ is thephasoramplitudefor polarization¤ ( ¥§¦ or ¨ ) perunit solid angle

andbandwidth. The first two parameters,©�ª and ©�« , arethe intensityin the vertical and

horizontalpolarizationsandtheir sumis the total radiationintensity. The remainingtwo

parameterscontaininformationaboutthepolarizationcharacteristicsof theradiationfield.

Specifically, ©�¬ indicatesthe degreeandsenseof linear polarizationand ©�­ of circular

polarization.Partially polarizedthermalradiationis specifiedby nonzero©�¬ or ©�­ .

Theparameters© ª and © « canbemeasuredusingstandardlinearly-polarizedtotal-

power radiometers[61]. Detectionof the third and fourth Stokes parameters,however,

requirestwo additionalmeasurementsto effectively performthecorrelationsin (2.1). The

varioustypesof polarimetricradiometersfall into two basiccategories:additivepolarime-

ters (AP) anddirect correlatingpolarimeters(DCP). The additive polarimeterusesmea-

surementsof thebrightnesstemperatureof at leasttwo additionalpolarizationstatese.g.,

45® linearly polarized(©�¯ ° ± ) andeitherleft- or right-handcircularly polarized(©�² or ©�³ ).
Fromthefour measuredbrightnesstemperaturesandusingtheStokesparameterrotational

transformation[8], thethird andfourthStokesparameterscanbefound.For example:©�¬´¥¶µ ©�¯ ° ±¸·¹©�ªº·¹©�« (2.2)© ­ ¥¶µ © ³ ·¹© ª ·¹© « (2.3)

The AP architecturewasthe first type to be implementedandusedon an aircraft
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to observe theoceansurfaceemissionat nadir[14]. Subsequentmeasurementsat off nadir

anglesweremadeby Kunkeeusinga W-bandAP [42] andYuehet al. usinga K-band

AP [70]. The block diagramof sucha systemis seenin Figure2.1. A signalcombiner

(or magic-T)is usedto synthesizethe45» polarizationusingtheverticallyandhorizontally

polarizedsignals.Thesubtractionsin (2.2) arecarriedout usingpost-detectiondifference

amplifiers.

TheDCPestimates¼�½ and ¼�¾ by cross-correlatingthe instantaneousvoltagesig-

nalsof theverticalandhorizontalchannels(seeFigure2.2). Theactualcorrelationcanbe

performedby eitheranalogor digital multiplying circuitry. A dual-channelsuperhetero-

dynereceiverwith acoherentlocaloscillator(LO) mayberequiredto downconvert theRF

bandof interestto accommodatethebandwidthand/oroperatingfrequency of theanalog

multiplier or thedigital correlatorA/D converters. If the time-varyingvoltages¿ À*Á Â Ã and¿ Ä9Á Â Ã areassumedto bestationaryandergodic[54], thenthecovarianceestimateÅÆ À Ä is:ÅÆ À Ä�ÇRÈÉËÊÍÌÎ ¿ ÀeÁ Â Ã ¿*ÄeÁ Â Ã Ï*Â (2.4)

where É is the integration time. Sincethe IF voltagesare relatedto the incident field

quantitiesby thereceiving antenna’s effective areaandthereceiver’s signaltransferchar-

12



acteristics,measuringÐDÑ Ò is equivalentto measuringÓ�Ô :ÕÓ Ô´Ö¶× ÕØ�Ù ÕÓ Ñ Ú Û Ü Û ÕÓ Ò Ú Û Ü Û Ý (2.5)

where
ÕØ ÖßÞà9á âÞã á Þã â is thecorrelationcoefficient and

ÕÓ�ä Ú Û Ü Û arethesystemtemperaturesof the

total-powerradiometersfor polarizationså Öçæ and è . If theIF signalsaredownconverted

in-phase,Ó�Ô is estimated;however, if the receiver is single-sidebandandthe signalsare

downconvertedin phase-quadrature,then Ó�é is estimated.

Severalmechanismscancontributeto calibrationerrorsin either(2.2-2.3)or (2.4-

2.5). Imbalancesin signalcombinerscancauseStokesparametermixing in the AP. Dif-

ferencesbetweenthe detectorsandthe video amplifierscanalsocauseunwantedmixing

betweenthe individual Stokesparameters.While error producedby the combinersand

summingamplifierscanbe avoidedby usingan analogDCP, detectionhardware is still

required,andothererrorscanbe causedby the signalsplittersandthe analogmultiplier

itself. The errors(to which the AP andanalogDCP areboth susceptible)in effect cause

unwantedgainsandoffsetsin thedetectoroutputsof thepolarimeter. Thedetectoroutput

voltagescanbeexpressedasfollows:êëëëëëëì æ Ñæ*Òæ Ôæ é
í îîîîîîï Ö

êëëëëëëì ð Ñ Ñ ð Ñ Ò ð Ñ Ô ð Ñ éð Ò Ñ ð Ò Ò ð Ò Ô ð Ò éð Ô9Ñ ð Ô�Ò ð Ô�Ô ð Ô�éð é�Ñ ð é�Ò ð é�Ô ð é�é
í îîîîîîï
êëëëëëëì Ó ÑÓ ÒÓ�ÔÓ�é
í îîîîîîï¹ñ

êëëëëëëì*ò Ñò Òò Ôò é
í îîîîîîï (2.6)

Propercalibrationof the AP or analogDCP requiresthe determinationof the gain and

offsettermsby anappropriatetechnique.

TheAP describedin [70] wascalibratedby carefullymeasuringa-priori thevarious

amplitudeimbalancesof thecombiningandpost-detectionnetworks.Thesystemwasalso

temperaturestabilizedto minimizetheeffectsof drift. While thistechniquecanmitigatethe

effectsof systemimbalanceson the gain andoffset terms,eliminationof long-termdrift

in operationalsystems,however, can be prohibitively expensive. An in-situ calibration

methodcanaddressthis problem.

13



Onemethodfor comprehensivecalibrationof thefirst threemodifiedStokesparam-

etersusesarotatingpolarizedcalibrationstandard[20]. Thepolarizedstandardpresentsto

thereceiver a stronglypolarizedbut preciselydeterminedradiationfield andallows com-

pletedeterminationof thegainsandoffsetsfor thefirst threeStokesparameters.Calibration

of the fourth Stokesparameterchannelcanbe accomplishedby insertionof an appropri-

ate ó*ôeõ shift in RF pathusing,e.g.,a quarterwave plate. Useof the polarizedstandard

in space,however, requiresadditionalhardwarebeyondtheconventionalambientandcold

blackbodystandardsthatarecommonlyused.

In the implementationof (2.1), it is desirableto designa systemthat requiresa

minimal amountof calibrationhardware. A solution to precisemeasurementof ö�÷ orö�ø canbe found throughdigital correlation. Herethe RF (or IF) signalsaresampledat

the Nyquist rate, the digital samplescross-correlatedusing fast multiplication circuitry,

and the correlationintegral (2.4) performedvia digital accumulation.Provided that the

digitizedsignalcontainsno DC componentandtheA/D conversionis performedideally,

thecorrelationcoefficient ùú canbeobtainedwithout offsetof leakage.Becausethesignals

aredigitized, the gain andoffset errorscreatedby signalsplitter anddetectionhardware

imbalancesareeliminated.Thesystemequation,therefore,is nearlyin theidealform:ûüüüüüüý*þ ÿþ �þ ÷þ ø
� ���������

ûüüüüüüý � ÿ ÿ ô ô ôô ��� � ô ôô ô � ÷�÷ ôô ô ô � ø�ø
� �������
ûüüüüüüý ö ÿö �ö ÷ö ø
� �������	�

ûüüüüüüý 
 ÿ
��ôô
� ������� (2.7)

where þ ÿ , þ � , þ ÷ and þ ø arethe linearizedoutputsof thedigital correlationhardware. A

further advantageof usinga digital correlatorwith more thanonebit (or two levels) of

discretizationis that in-situ calibrationcanbeperformedusingonly conventionalambient

andcoldunpolarizedviews, for example,anambientblackbodytargetandcoldspace.

Digital correlationradiometrywasfirst suggestedby Weinreb[64] for usein au-

tocorrelationspectrometersfor radioastronomy. As shown by Weinrebin autocorrelation

spectroscopy of Gaussiansignals,only a single bit of quantization(i.e., two-level A/D
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Figure2.3: Block diagramof a typical digital polarimetricradiometer. This direct corre-
latingpolarimeterutilizesadualpolarizedantenna,dualchannelsuperheterodynereceiver,
anda 3-level digital correlator. TheIF signalsarealsocoupledto conventionalsquarelaw
detectorsandvideoamplifiers.

conversion)is requiredto achieve � 64% of the detectionsensitivity of a perfectanalog

correlatorsystem. As fast digital logic becamewidely available, the single-bit systems

werereplacedwith three-level (reduced2-bit or 1.6-bit) systems.The two-bit correlator

canobtainup to 88%of thedetectionsensitivity of theanalogsystem[11]. Theincreasing

availability of discretehigh-speeddigital logic hasfacilitateddevelopmentof spectrome-

tersoperatingover wide bandwidths,andbothsingle-bitandtwo-bit correlatorshave now

beenimplementedat clock-ratesashighas2 GS/s(e.g.,[47, 7, 31,59, 46]).

In this chapterwe presentthe first digital correlatordesignedandconstructedfor

usein microwave polarimetry. The block diagramof the digital polarimeteris shown in

Figure 2.3. The major componentsare a dual-polarizedantenna(I), a superheterodyne

SSB phasecoherentdual channelreceiver (II), and a three-level digital correlator(III).

We begin in Section2.2 with a descriptionof digital correlationradiometryanddiscuss
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in Section2.3 an investigationof systematicerrorsalongwith designimplications. The

digital correlatorhardwareis describedin Section2.4. (The operationandcalibrationof

thesystemis describedin Chapters3 and4.)

2.2 Digital Corr elation Radiometry

Thedigital direct-correlatingpolarimeterhasasits maindistinguishingcomponentazero-

lag digital cross-correlator. Thedigital correlatoris madeup of threemainsections:A/D

converters,adigital multiplier, andaccumulators.To understandhow theaccumulatedsig-

nalsareusedto determine��
 , it is instructiveto examinetherelationshipbetweentheinput

signalstatisticsandthe accumulatoroutputs.Theserelationshipsalsoprovide a measure

of thedigital correlatorsensitivity.

2.2.1 Mean Statistics

Theinput signalsto a correlator, � ��� � � and � � � � � , aremodeledasjointly-Gaussianstation-

ary randomprocesseswith root meansquare(RMS) voltages��� � and ��� � andcorrelation

coefficient ������ �  �!  � !  � . If the processesaresampledat or below their Nyquist ratewith

period � , theneachsequenceconsistsof independentlyandidenticallydistributedsamples

with thefollowing joint Gaussianprobabilitydensityfunction(pdf):" � � � # � � $ ���%� &' ( � � � � � � ) &+* �-,%. /�0
123 * 4 � �!  ��5 , * ' � � � � �!  � !  �76 4 � �!  � 5 ,' � &+* � , �

8 9:<; (2.8)

The three-level quantizationperformedby theA/D converteron the input signalsis mod-

eledby thetransferfunction:

= � ���%�
>?????@ ?????A & if �CBD� E F G #*H& if �CI * � E F G #J

otherwise; (2.9)
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Figure2.4: Idealtransferfunctionof three-level A/D converter.

wherethe quantitiesKML N O P are the thresholdlevels of the quantizationprocess(alsosee

Figure2.4).ThesubscriptQ denoteseitherchannelR or S . For typicalCMOSor ECL logic,L N O P<TVU�W U-X to U�W X�U volts; therefore,themicrowave signalpower is YHZ�[ to \M] dBm in aX U-^ system.Theoutputsfrom thequantizersform a new pair of joint-randomprocesses,

denoted_�` L a�` bdcHe e and _�` L�f ` bdcMe e , wheresample b is taken at time bdc . The second-

orderstatisticsof thesesampledandquantizedjoint processesarethedigital variancesand

covarianceandarenonlinearlyrelatedto thefirst threeStokesparameters.

For a measurementof g samples,the estimateddigital variancesandcovariance,

denotedhi jk and hl a f , are: hi jknm Zg op q rds _�` L k ` bdcMe e j (2.10)

hl a f m Zg opq rds _�` L a�` bdcHe e _�` L f ` bdcMe e (2.11)

Thesethreestatisticalparametersaremeasuredby a simpleaccumulation.The statistics
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Figure2.5: The digital varianceasa function of input RMS voltageat a fixed threshold
level. Theoptimalthresholdlevel tdunvDw�x y�z occursat t�{ |�}�~ � � |Cv�z-x y-� .
of �� �� , �� �� , and �� � � andtheir relationshipto � � , � � , and ��� areobtainedby integratingthe

right-handsidesof (2.10)and(2.11)againstthepdf (2.8).

Theexpectedvalueof thedigital varianceis� �� �u�� v��+� z+���M� � u�� � (2.12)

where� u v�~ � � | } t { | and �M� � � v z� � ��������	� � � �   � ¡-¢ (2.13)

is thenormalcumulativedistributionfunction.Figure2.5is aplot showing therelationship

betweenthedigital varianceandRMS input voltageat a fixed thresholdvoltage. As will

beshown, for maximumsensitivity in � � thevalueof � u shouldbecloseto 0.61.

Inverting (2.12)yields a simpleestimatefor the signalstandarddeviation givena

measureddigital signalvariance:�� u v�� �d£7¤ z+� � �� �u���¦¥ (2.14)
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or, in termsof antennabrightnesstemperature:§¨�©�ª¬«-­ ®n¯ §°²±³ ´�µ ¶M·¸�¹»º ®½¼ ¨²¾�¿dÀ�­ ®¯ÂÁ ±Ã Ä ´¶M· ¸�¹nº ®DÅ Æ+Ç�ÈMÉ²Ê ¼ÌË §Í ±®�ÎÏÑÐ7Ò Ç ± ¼ ¨ ¾�¿dÀ�­ ® (2.15)

where¶ · is thesystemimpedance,
¹

is thebandwidth,
º ®

is thesystemgain,and
¨ ¾�¿dÀ�­ ®

is thereceivernoisetemperature.In general,theparameters
³ ÓÔ Õ ´¾�Ö × ØdÙ ´ , and̈

�¾�¿dÀ�­ ®
areslowly

time varying andrepresentsystemgainsandoffsetsthat mustbe identifiedvia periodic

calibration.

Therelationshipbetweentheinput correlationcoefficient Ú andtheexpectedvalue

of the digital covarianceÛ Ü Ý ¯ Ë §Û Ü Ý Î is similarly straightforward andcanbe obtainedby

integratingtheright-handsideof (2.11)againstthe joint pdf. Theproblem,however, can

be reducedto an integrationover onedimensionusingPrice’s theorem[51, 30]. Price’s

theoremrelatesthecovarianceof theinput signalsto thedigital correlationcoefficient:Þ Û Ü ÝÞ ¶ ³ ß ³ à ¯ÌáHâ�ã�ä Á Ü åâ Á Ü â�ã�ä Á Ý åâ Á Ýçæ¯ Ë è é ä Á Ü%ê Á Ã Ä ß å�ê é ä Á Ü ¼ Á Ã Ä ß å ë è é ä Á Ý²ê Á Ã Ä à å�ê é ä Á Ý ¼ Á Ã Ä à å ë Î¯�ì ä Á Ã Ä ß�í Á Ã Ä à î Ú å�ê ì ä Á Ã Ä ß�í ¼ Á Ã Ä à î Ú å�ê ì ä ¼ Á Ã Ä ß�í Á Ã Ä à î Ú å�ê ì ä ¼ Á Ã Ä ß�í ¼ Á Ã Ä à î Ú å¯�ì ä ° ³ ß ï Ü í ° ³ à ï Ý î Ú å�ê ì ä ¼ ° ³ ß ï Ü í ° ³ à ï Ý î Ú å�êì ä ° ³ ß ï Ü í ¼ ° ³ à ï Ý î Ú å�ê ì ä ¼ ° ³ ß ï Ü í ¼ ° ³ à ï Ý î Ú å
(2.16)

Theinputcovariancecanberelatedto theinputcorrelationcoefficientusingthechainrule:Þ Û Ü ÝÞ Ú ¯ Þ Û Ü ÝÞ ¶ ³ ß ³ à Þ ¶ ³ ß ³ àÞ Ú ¯ ° ³ ß ° ³ à Þ Û Ü ÝÞ ¶ ³ ß ³ à (2.17)

Thedigital correlationcoefficient, therefore,is a one-dimensionalintegral of thepdf overÚ : Û Ü Ý ¯ ° ³ ß ° ³ àdðòñ· è ì ä ° ³ ß ï Ü í ° ³ à ï Ý í Ú�ó å ê ì ä ° ³ ß ï Ü í ¼ ° ³ à ï Ý í Ú�ó å�êì ä ¼ ° ³ ß ï Ü í ° ³ à ï Ý í Ú�ó å�ê ì ä ¼ ° ³ ß ï Ü í ¼ ° ³ à ï Ý í Ú�ó å ë â�Ú�ó ô (2.18)
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Figure2.6:Thedigital covarianceõ ö ÷ versustheinputcorrelationcoefficient ø for ù»ú�û�ü ý�þ .
In practiceù ö and ù ÷ aretaken to be ÿù ö and ÿù ÷ from (2.14). The relationshipbetweenthe

input correlationcoefficient andthe digital covarianceis plottedin Figure2.6 for a fixed

thresholdlevel ù �nú�û�ü ý�þ .
For a given ÿõ ö ÷ , thecorrelationestimate ÿø is determinedby nonlinearinversionof

(2.18). The inversiontechniquemustbe carefully chosenso that systematicerrorsaris-

ing from the approximationarenot larger thanthe statisticaluncertaintyof the estimate.

This requirementis quite stringent.For example,from (2.5), a radiometerwith a system

temperatureof
��� � � ú���û�û K andan integrationnoiserequirementof � �	��

� úÑû�ü þ K

for the third or fourth Stokesparameterwould requirea measurementof ø with absolute

error lessthan û�ü þ K ��� ����� û-û K �CúÑþ��Dþ û���� . The two existing inversiontechniquesfor

three-level correlatorsarebaseduponpowerseriesinversionsof eitherthebivariatenormal

integral [12] or the one-dimensionalintegral (2.18) [40]. In the former method[12] the

inversionwasderivedfor thecross-correlator, while for thelattermethodit wasderivedfor

theauto-correlator. Bothsharesimilarconvergencecharacteristics,e.g.,third-orderexpan-

sionsarerequiredto obtain û�ü þ�� accuracy or anabsoluteerrorof þ û���� for � ø	���½û�ü ý . The
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latter techniqueis mathematicallysimplerandallows ananalysisof theeffectsof system

nonidealities,which will be consideredin Section2.3.1. Sincethis expressionwasorig-

inally derived for the autocorrelator, a new andmoreaccurateexpressiontailored to the

cross-correlatoris presentedhere(the derivation is presentedin AppendixA). First, the

integrandof (2.18) is approximatedby a Taylor seriesabout ���! #" . Next, the seriesis

integratedto obtain:$ %& ' ( )  *+-, .�/ 0 1-2*43 5�6'87 5�6( 9 :4;=< � 7 2>-3 5�6' 1 2 9 3 5�6( 1 2 9 ��? 722 * " 3 @ 1 > 5�6'87 5 A' 9 3 @ 1 > 5�6(87 5 A( 9 ��B C 7ED�F ��G H I (2.19)

Finally, a fifth-order power seriesreversion[1, (3.6.25)] is carriedout on (2.19). The

resultingestimatemaps
%& ' ( into

%� with absoluteerror J 2 "�K B for L �	L�MN"�I O andnormalized

thresholdlevels 5 ' P 5 ( of "�I > 2!QR2 "�S :%�� 2T U %& ' ( 1 T ?T A U %& ?' ( 7WV @ T 6?T G U 1 T BT X U Y %& B' ( P (2.20)

where T U  *+ , .�/ 0 1 2* 3 5 6' 7 5 6( 9 :T ?  2@ +-, .�/ 0 142* 3 5�6'87 5�6( 9 : 3 5�6' 1 2 9 3 5�6( 1 2 9 (2.21)T B  2> " +-, .�/ 0 142* 3 5�6'Z7 5�6( 9 : 3 @ 1 > 5�6'87 5 A' 9 3 @ 1 > 5�6(Z7 5 A( 9
Usingafifth-orderpowerseriesacceptableinversionerrorsfor polarimetryareattainable.

2.2.2 Sensitivity

A radiometer’ssensitivity is fundamentallylimited by theavailablebandwidth,observation

time,andreceivernoise.Theradiometricsensitivity of a polarizationcorrelatingradiome-

ter is: []\_^ ` a�b
c  edgfhi�j��k i j\�^ P (2.22)
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where l	mn is the standarddeviation of the estimateopgq For continuous(analog)correlation

using r independentsamplesand small valuesof p it can be shown that s t u n v!w l	mnExy z�{ r [11]. Using(2.5)and(2.22)thefundamentalsensitivity is:|]}_~ � ���
� x��g� }g� � � � � }	� � � � �{ r (2.23)

In the caseof a digital correlator, the quantizationnoiseof the A/D converter increases|]} ~ � ���
�
. Theincreasein l mn dueto quantizationnoiseis a functionof boththenumberof

A/D converterlevelsandthe thresholdvoltages.The impactof quantizationnoisecanbe

minimizedby properselectionof thethresholdvoltages� � � � . Usingadigital correlatorwe

have: |�} ~�� ����� x l m� � �� o� � � z � o} ~ q (2.24)

For thethreelevel systemwith balancedchannels� � � x � � x ��� , thesensitivity for vanish-

ingly smallcorrelationis (seeAppendixB.1):s t un v!w |]} ~ � ���
� x � ��� y���� � ��� � �   ¡ � } � � � � � } � � � � �{ r (2.25)

The above canbe minimizednumericallywith respectto � to find the thresholdlevel re-

quiredfor minimummeasurementuncertainty. Theoptimalvalueof � is 0.61with acorre-

spondingsensitivity of: |]}_~ � ���
� x � q ¢�£ � }g� � � � � }	� � � � �{ r (2.26)

Comparingthis expressionto the continuouscorrelatornoisein (2.23), we find that the

digital correlatorachieves81%of thesensitivity providedby anidealanalogcorrelator.

Thetotal-powerchannelsareusefulfor normalizedthresholdlevel estimation.The

sensitivity of thetotal-powerchannelcanbecalculatedin a similar fashionby|�}	¤�� ����� x l m � ¡�� � o ¥ ¦¤ � z � o}	¤ (2.27)
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With thethresholdlevels § ¨
©N§ ªZ©N«�¬ ­�® (i.e., setfor optimalcross-correlatorsensitivity),

thetotal-powerchannelshavea radiometricsensitivity of (seeappendixB.2)¯]°�± ² ³�´
µ ©N¶�¬ ¶ « °	· ¸ · ² ±¹ º ¬ (2.28)

Theideal total-power radiometerhasa sensitivity of
°�· ¸ · » ¹ º

. A three-level digital total-

power radiometercanachieve 41%thesensitivity of an idealanalogtotal-power detector

when the thresholdvoltagesareoptimizedfor the cross-correlationchannel. It is noted

that in (2.28) the optimal sensitivity for the total-power channelsis not usedbecausethe

thresholdvoltageswerechosento optimizethecross-correlationchannel.In otherwords,

thethresholdlevel valueof 0.61is theoptimumvaluefor smallcrosscorrelations;however,

this valueis not optimal for thetotal power channels.This choiceis acceptable,however,

becausein the polarizationcorrelatingradiometerthe total-power channelsareprimarily

usedto measurethe relative thresholdlevel values.If the thresholdsweresetfor optimal

sensitivity for total-powerdetection,thenthedigital total-power radiometerachieves78%

of thesensitivity of theanalogradiometerwith § ± ©¼®�¬ ½ ¾�¬
2.3 SystematicErr ors

Threedifferentsourcesof systematicerrorsare treatedin this section. The first section

dealswith errorscausedby thresholdasymmetriesin theA/D converters.Second,a cor-

relationcoefficient offsetgeneratedby downconvertedLO thermalnoiseis described.Fi-

nally, theeffectsof A/D hysteresisandtiming skew onthecorrelatorgainarecharacterized.

Within thetreatmentof eachsystematicerror, somedesignsuggestionsthatmitigatetheer-

ror in a polarimetricradiometerarediscussed.

2.3.1 SamplerOffsets

Thresholdlevel asymmetriesin thecorrelatorA/D convertersproducesystematicerrorsin

the varianceandcorrelationmeasurements.Whenextremeaccuracy is not required,the
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Figure2.7: Transferfunctionof three-level A/D converterwith thresholdoffset ¿ À .
effectsof theserelatively small DC biasescanbeneglected.However, for high accuracy

applications,suchasfoundin microwavepolarimetryfor wind vectormeasurement,asym-

metric thresholdlevelscauseattenuationandoffset variationsthat requirecompensation.

An analysisis presentedherethat illustratesthesecond-orderbehavior of biaseffectsand

leadsto asimpleanalyticalcorrectionwhichcanbeincludedin theradiometercalibration.

Theidealthree-level A/D converterhasthetransferfunction(2.9). Typically, there

canbeasmallDC voltageoffset ¿ À Á attheA/D input,whicheffectivelycausesthethreshold

levelsto beasymmetricaboutground.Thenormalizedthresholdasymmetryis definedasÂ Ã�Ä ¿ À Á�Å�Æ�Ç Á . Incorporatingthisoffsetinto thetransferfunctionwehave (seeFigure2.7):

È�É ¿�Ê ÄÌËÍÍÍÍÍÎ ÍÍÍÍÍÏ
Ð

if ¿�Ñ É Ò Ã
ÓEÂ Ã Ê Æ�Ç ÁÔ Ð if ¿�Õ É Ô Ò Ã ÓEÂ Ã Ê Æ Ç ÁÖ
otherwise

(2.29)

Therelations(2.10)and(2.11)canberecomputedto reveal theeffectsof thresholdlevel
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offsets.For example,thedigital correlationcoefficientbecomes:× Ø ÙÛÚ�× Ø Ù Ü Ý Þgß�àá�â ã á�â ä�å Ýß¼æ çÛè á�â ã è é Ø àEê Ø ë ì á�â ä è é Ù àEê Ù ë ì í�î ë à çÛè á�â ã è é Ø àEê Ø ë ì á�â ä è ï�é Ù àEê Ù ë ì í�î ë àç_è á â ã è ï�é Ø8àEê Ø ë ì á â ä è é Ù	àEê Ù ë ì í î ë à çÛè á â ã è ï�é Ø8àEê Ø ë ì á â ä è ï�é Ù�àEê Ù ë ì í î ë ð ñ�í î (2.30)

Throughoutthisanalysisit is assumedthat ê Ø and ê Ù aresmallwith respectto é Ø and é Ù and

only first-ordertermsin ê Ø and ê Ù aresignificant.

2.3.1.1 Corr elation channel

Thresholdlevel asymmetrieswill causegainandoffsetperturbationsof thedigital correla-

tor output.Weshow herethatthegainerroris negligible if theinputcorrelationcoefficient

is small. In contrast,theoffseterror is found to beanorderof magnitudelarger thanthe

gainerror. Thiscorrelationoffset,however, is parameterizedin termsof thethresholdlevel

offsetandmaybecompensatedby calibrationusingtwo unpolarizedstandards.

The correlatoroffset error arisesfrom the constantof integration in (2.30). This

constantwasnot explicitly shown in (2.18)becauseideally it is zero;however, thethresh-

old level offsetscauseit to becomenon-zero.The constantof integration × Ø Ù Ü Ý Þ�ß canbe

evaluatedby takingtheexpectedvalueof (2.11)with í ÚNò andusingthemodifieddefini-

tion of ó è ô ë : × Ø Ù Ü Ý Þ�ß Ú#õ ó î è ô Ø ë ó î è ô Ù ë ö Ü Ý Þ�ß (2.31)

Clearly, wheneitherthresholdlevel is ideal(that is, ê ÷�Ú¼ò ) this termvanishes.A shift in

both thresholdlevels,however, causestheoffseterror to becomenon-zero.Theexpected

valuemaybeseparatedinto a productof two expectedvaluesbecauseô Ø and ô Ù arestatis-

tically independentwhen í Úøò . If the thresholdlevelsfor channelsù and ú areoffsetbyê Ø and ê Ù , respectively, thentheresultingoffsetin correlationis× Ø Ù Ü Ý ÞgßZÚ æ û�ï�ü
è ï�é Ø8àEê Ø ë ï�ü
è é Ø8àEê Ø ë ð æ û�ïEü
è ï
é Ù�àEê Ù ë ï�ü
è é Ù	àEê Ù ë ð (2.32)
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Assuming ý þ and ý ÿ are small allows the above to be approximatedusing Taylor series

expansionsabout ��� þ and ��� ÿ . Thefirst termin theproductis������	 � � þ�
 ý þ � ����	 � þ�
 ý þ ��
����� ��	 � þ ��
 ���� ���� ���� � �� ý þ � �� � ��������� � �� � þ ý��þ 
! #" ý�$þ % &� � ��	 � � þ ��
 ���� ������ �� � �� ý þ�
 �� � ���� � �� � �� � þ ý �þ 
! #" ý $þ % &
 � � ���� � �� � �� ý þ�
! #" ý�$þ %
(2.33)

The ý �þ termscancelleaving an odd valuedfunction. The  	 ý þ � behavior of the above

makesthethresholdasymmetryasignificantsourceof error. Thesecondterm,the ' channel

contribution, is identicalto theabove. Theconstantof integrationis theproductof these

two terms: ( þ ÿ ) * +-, 
 � � � ���� ���� � �� ý þ 
 " ý $þ % & � � � ���� ���� � �. ý ÿ 
 " ý $ÿ % &
 �� � þ � ÿ0/ 13254 � �� " � �þ 
 � �ÿ % 6 �-7 
! " ý þ ý $þ�8 ý ÿ ý $þ % (2.34)

where � 7 
:9 ý þ� þ ý ÿ� ÿ ; (2.35)

The thresholdasymmetriesaffect thedigital correlationoffsetby anamountproportional

to thenormalizedoffsetproduct� 7 . Expressedusingvoltages,�-7 
=< 7 � < 7 .< > ? � < > ? . (2.36)

The above threshold-offset productis a slowly time varying hardwareconstant.As will

beshown in Section4.2, the threshold-offsetproductcanbeestimatedusinga traditional

two-lookunpolarizedcalibration.

Thecorrelatorgainis foundby expandingtheintegrandof (2.30)in a three-dimen-

sionalpowerseriesin @�A , ý þ and ý ÿ , thenintegratingtheresultingexpansionwith respectto
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B�C . Thealgebrainvolved(seeAppendixC) is cumbersome,althoughthedigital correlation

coefficient can be expressedas a sum of two series. The first series D E F G H I JKH L J-M is the

ideal relationshipbetweenB and D given in (2.18). The secondseriesis an error seriesN D E F O N E P N F P B3Q causedby nonzerothresholdoffsets
N E and

N F . Thus,D E F�R D E F G S J-M�T D E F G H I JKH L JKM�TVUWYX Z3[5\ ]Y^UY_ `�aE T `�aF b ced\ ]Y^Ugf _ ^ ] `�aE b N aE T _ ^ ] `�aF b N aF h B T ^i N E N F _ ^ ] U `�aE b _ ^ ] U `�aF b B a T]e^j�k _ j `�aE T ` lE T!m b _ ^ ] `�aF b N aE T _ ^ ] `�aE b _ j `�aF T ` lF T!m b N aF n B0o c T!p _ B l P N o b
(2.37)

The above seriesis truncatedat pqO B l Q and pqO N o Q . Assumingthat the nominal threshold

levelsareequalto theoptimalvalue ` r RtsKu j ^ P theerrorseriesbecomesN D E F O N E P N F P B3Q�v ] sKu m ^ i s _ N aE T N aF b B T!s3u s ^ j i N E N F B a T ] s3u w j U ^ _ N aE T N aF b B o (2.38)

The error seriesis a sumof componentsthat are pqO N a B3Q , pqO N a B a Q , and pqO N a B o Q , respec-

tively. To determinewhich componentsof theerrorseriesaresignificant,we assumethatB Rxs3u ^ and
N rzy ptO N Q . Themagnitudesof thethreecomponentsbecome] sKu m ^ i s _ N aE T N aF b Bzv sKu s i�i N asKu s ^ j i N E N F B a v sKu s0s�s ^ j N a] s3u w j U ^ _ N aE T N aF b B0o�v sKu s0s�s3{ | N a

To rendertheseerror termsinsignificant,the magnitudeof
N a mustbe sufficiently small.

Usingthecriterionthatall errors } ^ s3~3� arenegligible, thethresholdoffsetsshouldbeno

largerthan ^ s0~ a , in otherwords, � H �Y� ^ s0~ a �K� � u This is readilyattainableusingprecision

electronicsfor � � � y sKu w V. If thresholdoffsetsare not small enough,then the offsets

shouldat leastbecontrolledto renderinsignificantthehigher-orderterms(e.g., B a , B o u u u ).For this lattercase,it is sufficient for � H ��� ^ s3~K� �3� � , whichcausesthemagnitudeof the B o
termto be � ^ s3~3� . Theremainingerror is linear in B andcanbemodeledasaneffective
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changein thecorrelatorgain:� � ���V� � � � � �-�����e� �3�5� �e��Y� ���� � ���� � �g� � ����g  � � � ���� �¢¡ �� � � � � ���� �¢¡ �� £ ¤g¥ �!¦q§ ¥ � ¨ ¡ ©� ª (2.39)

Typically thethresholdoffsetsaresmallenoughsothat thegainperturbationis a few per-

centor less.

2.3.1.2 Total-power channel

Theeffectof thresholdasymmetryonthetotal-powerchannelsis anadditionalsystemgain

andoffsetalongwith a residualnonlinearitythatwill beshown to benegligible. Consider

theexpectedvalueof thetotal-poweroutput:« ¬ ­ �®0¯ �±°²§ � � ® � ¡ ® ª � � � °g§ � ® � ¡ ® ª (2.40)

This expressionis simply an extensionof (2.12), but includesthe thresholdasymmetry.

Theabovecanbeapproximatedin ¡ ® as« ¬ ­ �®0¯ �x°²§ � � ® ª � � � °²§ � ® ª � ���³ ���´�µ3¶ ·¸ ¹ � � ® ¡ �® �!¦ � ¡ º® � (2.41)

Similar to thecorrelationchannel,theexpectedvalueof the total-power channelis a sum

of the idealoutputandanadditionalerrorseries.We cannow show thatpartof theerror

seriescanbecombinedwith theidealoutputto computeamodifiedsystemgainandoffset,

with theresidualcomponentbeinginsignificant.If all functionsof � ® areapproximatedby

apowerseriesexpansion°²§ � � ® ª � � � °²§ � ® ª � � � ³ �� � ® � �»�³ �� � ©® �!¦ � ��¼® � (2.42)

´ µ3¶ ·¸ ¹ � � � � �� ���® �!¦ � � º® � (2.43)
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then(2.40)canbewritten½ ¾ ¿ ÀÁ3Â�ÃÅÄ Æ�Ç±È ÉÊ�Ë Á�Ì ÆÍ È ÉÊ�Ë�ÎÁ Ì!Ï#Ð Ë�ÑÁ0Ò Ó Ì ÆÉ È ÉÊÕÔ Ë Á Ç ÆÉ Ë�ÎÁ Ì!Ï±Ð Ë�ÑÁ0Ò Ö�×�ÀÁ Ì!Ï#Ð × ØÁ0ÒÃ#Æ�Ç±È ÉÊ#Ù Æ�Ç ÆÉ × ÀÁ0Ú Ë Á Ì ÆÍ È ÉÊ#Ù Æ�Ç±ÛÉ × ÀÁ0Ú Ë�ÎÁ Ì!Ï#Ð Ë�ÑÁKÜ × ØÁ0ÒÃ Ù Æ�Ç ÆÉ × ÀÁ0ÚÝÄ Æ�Ç±È ÉÊ�Ë Á Ì ÆÍ È ÉÊ�Ë ÎÁ Ì!Ï±Ð Ë ÑÁ0Ò Ó Ì ÆÉ × ÀÁ�Ç ÆÍ È ÉÊ × ÀÁ Ë ÎÁ Ì!Ï#Ð × ØÁ0ÒÃ Ù Æ�Ç ÆÉ × ÀÁ Ú!½ ¾ ¿ ÀÁ Â Þ ß à-á Ì ÆÉ × ÀÁ Ç ÆÍ È ÉÊ × ÀÁ Ë ÎÁ Ì!Ï#Ð × ØÁ Ò
(2.44)

Thereis a gaintermaffectingthetotal-powerchanneloutputby a factorof
Ð Æ�Ç�âÀ × ÀÁ Ò and

anoffsetof approximately
âÀ × ÀÁ . This additionalsystemgainandoffset is easilyidentified

via astandardtwo-lookcalibration.ThenonlinearresidualisÇ ÆÍ È ÉÊ × ÀÁ Ë�ÎÁ Ì!Ï Ð × ØÁ Ò�ã (2.45)

Assumingthe optimal value for the thresholdlevels ( Ë Á Ãåä ã Í Æ ), the above residualis

found to be æ Æ ä0ç À × ÀÁ . If
× Á²è ä ã ä É , thenthe nonlinearresidualterm becomesé Æ ä0ç Ñ ,

which is insignificant.

2.3.2 Input Corr elation Offset

Any correlatednoisein theIF signalswill causeanunwantedcorrelationoffsetatthedigital

correlatorinputs.If thedigital polarimetricradiometerutilizesadualchannelreceiverwith

acommonlocal oscillator(LO), downconvertedLO noisein bothIF signalswill behighly

correlated.Thephasenoiseof theLO couldalsoaffectacorrelationbias;however, thelow

frequency cutoff of IF bandsis generallyhighenoughsothatthephasenoiseis significantly

smallerthan the downconvertedthermalnoise. Systemswith LOs that have high noise

temperatures,suchasGunndiodeoscillators,andthosewith singlediodemixerswill be

mostsusceptibleto the downconvertednoise. To study the magnitudeof this effect, the

noisesignalmodelin Figure2.8 is usedin thecalculationof thecorrelationcoefficient.
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Figure2.8: Noisemodelfor dualchannel,singleLO, superheterodynereceiver. Theinput
referredRFnoisesignalsêìëKí�î ï�ð ñ ò3ó ô�õ ð ö�ë3íìñ ò and êìëKí�î ÷ ð ñ òKó ô0õ ð ö¢ëKí-ñ ò areuncorrelated.The
systemvoltagegainsarerepresentedby ø ù�ï and ø ùú÷ . Thelocal oscillatorthermalnoiseêìû�ü�ð ñ òKó ô0õ ð ö¢ëKí-ñ ò andsignal ó ô�õ ð ö�û�üìñ ò aremodeledby commonsources,which aresplit
equallybetweenbothchannels.Theoutputssignalsý ï ð ñ ò and ý ÷ ð ñ ò arethedownconverted
sumsof theRF signals,RFnoise,andLO thermalnoise.
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TheIF signalsþ�ÿ�� � � , ����� or 	 , at themixeroutputcanbedescribedbyþ�ÿ�� � �
��� þ�
���� ÿ�� � ������
���� ÿ�� � � ��� �úÿ��������
� � � �  ! ����"�# � (2.46)

where þ�
���� ÿ�� � � is the signalat the antennaoutput, ��
���� ÿ�� � � is the input referredsystem

noise(excludingtheLO noise), $ ��ÿ is theRF voltagegain, �����
� � � is theLO noise,and! ����"�# � is theconversionlossfrom theLO to IF pathsof themixer. A first approximation

of
! ����"�# � is theproductof theLO-to-RFisolationandtheRF-to-IFconversionlossof the

mixer. Thecorrelationcoefficientof theIF signalsis% �'& þ�(�� � � þ�) � � � *+�, - +�, .� & þ 
���� ( � � � þ 
���� ) � � � * $ � ( � ) � +�/0 1 243� 1 2�5 6 7+�, - +�, . (2.47)

where+ 0 1 2 is theRMSvoltageof theLO noisesignal.Or in termsof noiseandbrightness

temperatures,% is % � 3/ 8�9�:�; � <=� 8 ���?>A@ ! ����"�# ��$ �B( �A) C� 8�D E D � ( 8�D E D � ) (2.48)

where8 ��� is thenoisetemperatureof theLO. Thecorrelationbiasis identifiedas:%�F � 8 ��� > @ ! ����"�# ��$ � ( � ) C� 8 D E D � ( 8 D E D � ) (2.49)

To illustratethemagnitudeof %�F , considertwo examples.For a systemwith a mixer front-

end:

8 ���G��H�I�J I�I�I K ( K 20 dB ENR)! ����"�# � �ML I�I (27 dB)��ÿ=�  8 D E D � ÿB�ML I�I K

Using thesevalues,thecorrelationbias % F ��I�N  �O N If LNAs areplacedbeforethemixers,
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thentypical systemparametersmight beP�Q�RGS�T�U�V U�U�U
K ( W 20 dB ENR)X
Q�R�Y�Z [\SM] U�U

(27 dB)^A_ Sa` U�U
(20 dB)P�b c b d _ SMe U�U
K

In this casethe correlationbias f�g ShU�i U�U�T andis greatlyreducedby theadditionof the

LNAs.

Othertechniques,in additionto front-endLNAs,canbeutilizedto reducethecorre-

lation bias.For example,in a balancedmixer theLO andIF portsarewell isolated,which

greatlyreducesthe amountof down-convertedLO thermalnoiseat the IF output[10, p.

866]. If furtherreductionis needed,theLO thermalnoisein eachchannelcanbereduced

by placingattenuatorsin eacharmof thedualoutputLO at theexpenseof LO power. A

third, andalmostcertain,methodis to usetwo separateLOs phase-lockedto a singleref-

erence.Sincethermalnoisesignalsgeneratedby two differentsourcesareuncorrelated,

therewill benocorrelationbiascausedby thedownconvertedLO noise.

It is not,however, necessaryto completelyeliminatef�g providedthatin-situ radio-

metriccalibrationis available. In this casetheoffsetcanbeidentifiedby presentingto the

systemanuncorrelatedinput stimulussuchasa view of an unpolarizedblackbodytarget

or cold space(seeSection4.2). Thecorrelationbias,however, shouldbereducedasmuch

aspossibleusingthemethodsdescribedabovesothatthevalueof f will remainwithin the

rangeof validity of (2.20).

2.3.3 SamplerHysteresisand Timing Skew

Analog-to-digitalconverterhysteresisactsto reducethe correlationoutputby an amount

proportionalto themagnitudeof thehysteresis.ThiseffecthasbeenmodeledbyD’Addario,

et al. [12] assumingauniformly distributedregionof uncertaintyaboutthenominalthresh-

old. However, thisstatisticalmodelunderestimatestheattenuationeffect,becausethehys-

32



h(v)

v

-vth

vth

-1

1

vhysvhys
0

Figure2.9: Transferfunctionof three-level A/D converterwith hysteresismagnitudej k l m .
teresisis treatedasauniformly distributedregioncenteredaboutthethresholdlevel. More

precisely, hysteresisis a nonstationaryprocessin which thecurrentthresholdlevel is de-

pendentuponthepreviousvalueof theinput signal.To makemoreaccurateassessmentof

hysteresis,a Monte-Carlosimulatorwasconstructedto demonstratetheeffect on thegain

of thecorrelationchannel.Thesimulatoris baseduponanA/D convertertransferfunction:

n�o j o p�qAr r
s
tuuuuuuuuuuuuv uuuuuuuuuuuuw

x
if j o p�qyr{z j | k }y~ j k l m � � AND

n�� j o o p�� x r qAr �
�s x��x
if j o p�qyr{z j | k } � j�k l m � � AND

n�� j o o p�� x r qyr ��s x��� x
if j o p�qyr{�M� j | k } ~ j�k l m � � AND

n�� j o o p�� x r qAr ��sM� x��� x
if j o p�qyr{�M� j | k } � j k l m � � AND

n�� j o o p�� x r qyr �
�sa� x���
otherwise�

(2.50)

where j k l m � � is the hysteresisvoltage. The transferfunction is graphicallyillustratedin

Figure2.9. Input correlationcoefficientsin the range
� � � x �h��� � � x weretestedwith

varying levelsof hysteresis.In Figure2.10,thecorrelatoroutput � � � is plottedfor values

of hysteresisin the range
�G� j k l m � ������� } ��� � ����� . Thecomputedrelative attenuationon
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Figure2.10: The reductionin thedigital correlatoroutputasa functionof hysteresisam-
plitude.Theresultsof theMonte-Carlomodel(solid line with opencircles)shows thatthe
statisticalmodel[12] (solid line) underestimatestheeffect.� � � dueto thehysteresisis practicallyindependentof � for this region. The resultsof the

statisticalmodelof [12] for thesameconditionsarealsoplotted.Comparedto theMonte-

Carlosimulations,thestatisticalmodelappearsto underestimatetheattenuationeffect by

a factorof � 10 at � � � � � ���� �¡ ¢¤£¦¥�§ ¨ .
According to the simulation,hysteresishasa discernibleeffect on the correlator

output. A reductionin correlatorgain of 1% is causedby a hysteresisvoltageequalto

2% of theRMS signalvoltage. For a 0 dBm signalinto 50 © , a hysteresisvoltageof 4.4

mV would causethis. Caremustbe taken to designthe A/D convertercircuitry without

significanthysteresis. Alternatively, a-priori correctionusing a polarimetriccalibration

systemor preciseknowledgeof thehysteresislevelsmustbeperformed.

Timing skew betweentheA/D convertersor (equivalently)additionaldelayin one

of theRF or IF pathshasa similar effect of reducingthecorrelatoroutput. Thebaseband
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signalsat thecorrelatorinput canbemodeledbyª�«�¬ ­ ®
¯�ª�°« ¬ ­ ®�±�ª�² ¬ ­ ® (2.51)ª ³ ¬ ­ ®
¯�ª�°³ ¬ ­µ´·¶=­ ®?±�ª ² ¬ ­?´�¶=­ ® (2.52)

where ª °« ¬ ­ ® , ª °³ ¬ ­ ® , and ª ² ¬ ­ ® aremutuallyuncorrelatedandwide-sensestationary, and ¶=­
is anadditionalpathdelayor timing skew. If ª ² ¬ ­ ® is bandlimitedthenthecross-correlation

functionis: ¸�¹ º ¹ » ¬ ¶=­ ®
¯�¼�½ ¹ º ½ ¹ » sinc¬ ¾ ¿?ÀB¶=­ ® (2.53)

where À is the bandwidthor bandlimiting cutoff frequency of ª�² ¬ ­ ® , and the function

sinc¬ Á�®�ÂÄÃ Å Æ�ÇÇ . Timing skew will reducethe measuredcorrelationcoefficient. For ex-

ample,a 1% reductionwould becausedby ¶=­A¯ÉÈ�Ê È�Ë�Ì�À¤Í�Î . For a 500MHz bandwidth,

this correspondsto ¶B­{¯�Ï�Ð psor Ñ ¾ Ò mm of free-spacepathdelay.

2.4 Digital Corr elation Hardware

The digital correlatorhardware includesthreemodules: the high-speedcorrelators,the

clock module,andthe counter/interfacemodule. The high-speedcorrelatorsprocessthe

eight 500 MHz IF channelpairs by performingsignal sampling,quantization,multipli-

cation,andaccumulation.The operationsof the correlatorsare controlledby the clock

moduleoutput. The clock modulegeneratesa 1000 MHz clock signal for input to the

correlators.The clock signal is output in controlled16.8 ms burststhat are initiated by

computer. Whena 16.8mspulsetrain is completed,a computerreadsthecorrelatorout-

putsfrom thecounter/interfacemoduleandtheninitiatesanew correlationsequence.

Thefour correlatormoduleseachcontaintwo identicalcorrelatorcircuitsfor a total

of eightcorrelators.A photographof a digital correlatormoduleis shown in Figure2.11.

Eachcorrelatorcomprisesthreefunctionalblocks:theA/D converters,themultipliers,and

theaccumulators.Thehigh-speedA/D convertersaredualwindow comparatorsyielding
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Figure2.11: Photographof a digital correlatormodule. The PSRcontainsfour of these
modulesandeachmodulehastwo correlatorcircuits.

threelevelsof quantizationat a 1 GS/srate. Thecomparatorthresholdlevelsaredynami-

cally adjustedto trackslowly-varyingdrifts in IF signalpower. Thresholdlevel adjustment

usingeight-bitD/A convertersprovides(for Gaussiansignals)a48dB A/D converterinput

dynamicrange.Limiting theoperatingdynamicrangeto approximately30 dB, however,

by settinga minimumallowablethresholdlevel ensuresa goodsignal-to-noiseratio. The

typical thresholdlevel is Ó 0.3 V. The total-power of an individual channelis measured

by countingthe numberof timesthe input signalexceedseither the positive or negative

thresholdlevelsasin (2.10). This operationis achieved by NANDing the dual compara-

tor’scomplementoutputs.Thecorrelationcoefficient is similarly determinedby separately

countingthe numberof positive andnegative correlationcounts. The productsrequired

for thecorrelationoperationareformedusingtwo NAND andfour AND gates.A total of

eight AND/NAND gatescomposethe entirethree-level multiplier circuitry. The outputs

of thedigital multiplier areaccumulatedin four 24-bit counters.Thecounterinput stages
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Figure2.12: Photographof theclock controlanddistribution module,thecentralcompo-
nentof thedigital correlationsystem.

arehigh-speed8-bit ECL ripple counters.Theoutputsfrom thesecountersarecarriedto

16-bit TTL countersin thecounter/interfacemodule.Thesystemclock (generatedby the

clockmodule)is receivedby anECL receiverbuffer andfurtherdistributedthroughoutthe

correlatorcircuitry. A differentialclockpair is sentto eachof thefour countersandthetwo

A/D converters.Programmabledelaychipsareusedto synchronizetheclock signalswith

thedigital multiplier signals.Thedelaychipsareprogrammedwith dip switchesandare

capableof 128differentlevelsof delaydistributedin Ô 20 pssteps.

A photographof the clock moduleis shown in Figure2.12. The clock signal is

generatedby a 2000MHz voltagecontrolledoscillator(VCO). Theoutputof theVCO is

attenuatedby a 3 dB T-network attenuatorandcapacitively coupledto a Õ 2 ECL counter.

Theinput to theECL chip is biasedby thecounter’s referencevoltageoutput,whichbrings

the 2000MHz sinewave into ECL input voltagerange. The outputof the Õ 2 counteris

a 50% duty cycle 1000MHz ECL squarewave. The counteroutput,or the clock signal,
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is thengatedandsentto a 24-bit counter. The 24-bit counteris realizedusing three8-

bit countersin series.After a resetis sentto the24-bit counter, theclock gateis enabled,

whichallowstheclocksignalto incrementthecounter. Whenthecarrybitsof thetwo most

significant8-bit countersaresenthigh,the24-bitcounterlatchesitself andtheclockgateat

acountof Ö × Ø Ù{ÚÛ×�Ü�Ý�Þ . Thegatedclock signalis alsodistributedto thecorrelatormodules

usingan ECL clock buffer/distribution chip with the differentialoutputstransmittedover

coaxialcables.

The clock moduleand high-speedcorrelatorsare fabricatedusing discretehigh-

speedemitter-coupledlogic (ECL) components,which aresurfacemountedon six layer

PCboards.TheECL discretelogic chipsaremountedto thetop layer. Thetopandbottom

layersof thecircuit boardshold themicrostripinterconnects.Both 50 ß terminationchip

resistorsand0.01 à F chipcapacitorsfor powerfiltering aresurface-mountedonthebottom

layer. Via holestransmitsignalsandcurrentfrom thetop to thebottomlayers.Themiddle

layersareheavy 2 ouncecopperplanes:groundplaneson the2ndand5th layers,and-5.2

V and-2 V powersupplyplanesaresandwichedin themiddle.Plated-throughvia holesare

usedto supplypowerandgroundconnectionsto thetopandbottomlayersfrom theseinter-

nal layers.Becauseof thehigh-speedsignalsandthepossibilityof their radiationfrom the

circuit boards,aluminumenclosuresweremachinedto containtheboards.Theenclosures

includeconductive stand-offs on which to mountthecircuit boards.The mountingholes

on theboardswhereplatedthroughandconnectedto thegroundplanesto ensurea good

electricalconnectionbetweenthecircuit andenclosure.Digital ECL signalscarriedoff the

clock boardto othermodulesare transmittedin differentialpairson two coaxialcables.

ThereareSMA connectorsmountedto thealuminumenclosuresto which thesecablesare

connected.The TTL outputsignalsproducedby the correlatormodulesare transmitted

over twistedpair ribboncablesto thecounter/interfacemodule.

Thecounter/interfacemodulehaseightTTL counterboards,eachcontainingfour

16-bit countersthataretriggeredby theoutputsignalsfrom thecorrelatormodules.Pho-

tographsof theTTL counterboardsareshown in Figure2.13.Thesecountersareoperated
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(a) topview

(b) endview

Figure2.13:TTL counter/interfaceboardsandribboncablebus.
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in free-runningasynchronousmode.Theoutputsof thecountersareorganizedinto high-

andlow-bytesby 2-to-1multiplexerswith tri-stateoutputs.The tri-stateoutputsarecon-

nectedin parallel to an eight-bit databus, which allows the high- or low-bytesof any of

the32 counters(four countersperboardon theeightboards)to bereadby thePCwith an

eight-bit input port. A six-bit addressallows thescanheadcomputerto selectany of these

64 bytes. The addressis organizedwith threebits for the boardaddress,two bits for the

counteraddress,and1 bit for thehigh- or low-byteaddress.Thecounter/interfacemodule

busis aflat ribboncablewith locking connectors.

In additionto thecounterandinterfacecircuitry, thethresholdlevel generatorsfor

thecorrelatorA/D convertersresideon theTTL counterboards.A thresholdlevel gener-

ator includesa dual eight-bit D/A converterandbuffering andinverting op-amps,which

generatethepositiveandnegativethresholdvoltages.Any of theeightD/A converterscan

beselectedby usingthethree-bitboardaddress.Thedesireddatais placedonanadditional

eight-bit bus,which is connectedto the inputsof all eight D/A converters.By triggering

a latchenableline, thedatais loadedinto theappropriateD/A converterasdeterminedby

the3-bit boardaddress.

Thesethreemodulestogethercomposethedigital correlationsystemfor detecting

the first threeStokesparametersfor the four differentradiometerbands. Becauseof the

largenumberof discreteECL devicesused,thepower consumptionis á 100W. Thecor-

relationsystem,alongwith the supportingIF system,occupiesá 30% of the spaceused

within the scanhead.Table2.1 lists the theoreticalandpracticalsensitivities for the PSR

X-band,Ka subband-1,andKa subband-2digital correlationpolarimeters.Themeasured

sensitivitieswereestimatedby computingthestandarddeviationof asamplesetof bright-

nesstemperaturedata. In generalthe actualsensitivities are á 2 times the fundamental

limits. The increasednoiseis attributedto RF andIF amplifier gain fluctuations(dueto

aircraftvibrations)andpossiblybit-errorsin themultiplicationandaccumulatingcircuitry.
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Table2.1: Sensitivitiesof thePSRDigital CorrelationPolarimeters.

Channel Theoretical Measured
X-v 0.48 0.89
X-h 0.48 2.05
X-U 0.43 0.77

Kaâ -v 0.54 1.08
Kaâ -h 0.54 1.10
Kaâ -U 0.60 1.39
Kaã -v 0.54 1.15
Kaã -h 0.54 1.06
Kaã -U 0.60 0.74

2.5 Discussion

The designtechniquesandcorrelatorhardwaredescribedherewereusedin the airborne

scanningpolarimeterdescribedin Chapter3. Otherpolarimetertopologiesareavailable

suchastheanalogcorrelatorbasedpolarimeteror theadditivepolarimeter. Suchsystems,

however, canexhibit Stokesparametermixing that is not easily identifiablewithout so-

phisticatedcalibrationtechniques[20]. On thecontrary, thedigital polarimeter, if built to

theproperdesignspecifications,hasthedistinctadvantageof negligible Stokesparameter

cross-couplingandaffordsin-flight periodiccalibration(seeChapter4) of all polarimetric

channelparameters.

Becauseof therelatively wide bandwidthsrequiredfor earthremotesensingappli-

cations(typically tensto thousandof MHz), thedigital correlatorhasnot beenconsidered

for usein spaceuntil recently. With the advent of high-speedradiation-hardeneddigi-

tal logic, bandwidthsof hundredsof MHz have now becomerealizablein sensitive, short

integration-time,digital correlatingradiometers.For example,a mixed-signalintegrated

circuit or multichip-modulewith theradiationhardenedRF, IF, andCMOSdigital subsys-

temscould be readily developedfor spacebornepolarimetry. The successfuldesignand

demonstrationof this digital correlationpolarimetersuggestthatsucha pursuitbeunder-

taken.
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CHAPTER 3

Polarimetric ScanningRadiometer

A descriptionof thePolarimetricScanningRadiometer(PSR)hardware,dataprocessing,

and the LabradorSeaexperimentarepresentedin this chapter. The PSRis an airborne

microwave imagingradiometerdevelopedto obtainpolarimetricmicrowave emissionim-

ageryof the ocean. The two-axis gimbal positionerprovides conical, cross-track,and

fixed-anglestarescanmodes.The PSRpolarimetricradiometerswere the first to utilize

direct digital correlationfor third Stokesparameterdetection. During the LabradorSea

experiment,the PSRwasusedto obtainthefirst high-resolution( ä 1 km) multiband,po-

larimetric, conically-scannedmicrowave imageryof the oceansurface. The observations

revealthepresenceof bothasystematicwind directionsignatureandanaturalgeophysical

variability in themicrowaveemissionover theocean.

3.1 Polarimetric ScanningRadiometer

The PolarimetricScanningRadiometer(PSR)is a versatileairborneimagingradiometer

developedfor theprimarypurposeof obtainingpolarimetricmicrowaveemissionimagery

of theocean1. Thedesignof thePSRis baseduponthefollowingsetof scientificobjectives:å Radiometricobjectives

– Frequency coveragefrom X- to W-bands
1ThePSRasusedin this thesiswasdesignedandbuilt by theauthor, Prof. A.J.Gasiewski,with assistance

from thefollowing individuals:C. Campbell,E. Panning,E. Thayer, P. Chauhan,andM. Klein (of Georgia
Tech);J.Baloun,M. Tucker, andB. Davidson(of Raytheon);andD. Brown (of GTRI).



– Polarimetriccapability(at leastæ?ç )è Imagingobjectives

– Scanmodes:conical,cross-track,nadirstareandsky view

– Field of view: nadirto 70é with full fore andaft views

– Spatialresolution:100to 1500meters(dependingonaltitude)

– Pointingknowledge: êMë�ì í é in elevation, êMë�ì î é in azimuth

In additionto therequirementsintroducedby thescientificobjectives,thefollowing engi-

neeringconstraintswerealsoconsideredin thedesign:è Aircraft platforms

– NASA/DFRCDC-8 (smallestenvelope)

– NASA/WFF P-3B(first flights)

– NASA/DFRCER-2(possibleadaptation)è Aerodynamicandenvironmentalconditions

– Dynamicpressureï 570psf maximum

– Ambienttemperaturerangefrom -40é to +40é C

– Condensingandmoistatmosphere

ThePSRdesigneffort resultedin a two-axisgimbalpositionerwith theradiometer

hardwarecontainedinsidea moving scanhead.Thescanheadhousesfour tri-polarimetric

(first threeStokesparameters)microwaveradiometers,thedatasystem,andavideocamera.

The scanheadcan be positionedso that the radiometerscan view any anglewithin 70é
elevationof nadir at any azimuthalangle,aswell asexternalhot andambientcalibration

targets. This configurationsupportsfull conical (primary mode),cross-track,andfixed-

anglestarescanmodes.
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Figure3.1:ThePSRsituatedin thesupportstand.ThestandholdsthePSRatthehorizontal
mountingplate.
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Figure3.2: PSRscanheadinstalledin theNASA P-3.Thethreelensesvisible on theface-
plateare,in decreasingsize,theX/Ka dual-band,K-band,andW-bandantennaapertures,
respectively.

The full positionerandscanheadareshown in Figure3.1. In this photographthe

PSRis sitting in its standthat is usedfor storagewhennot installedon the aircraft. The

standsupportsthe PSRat its horizontalmountingplate. When installedin the aircraft,

the horizontalplate is mountedflush with the aircraft body. Below the horizontalplate,

approximatelyone half of the scanheadis exposedto the slip stream. This protrusion

allows theradiometersanunoccludedview of thesceneto ð 70ñ from nadir. A photograph

of the scanheadis displayedin Figure3.2. All electricalpower andsignalsgoing to and

from the scanheadare transmittedthroughslip rings on both axes. The slip rings allow

unrestrictedangularmotionof thescanheadaboutits azimuthandelevationaxes.

The elevationaxis of the scanheadis connectedto a large 76 cm (30 inch) diam-

eterring bearing,which is mountedto thehorizontalplate. The ring bearingassemblyis

designedto withstandthehorizontalloadingdueto windageandaircraftacceleration.The
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scanheadis attachedto theazimuthaxisby ayoke-likemount,which is alsoattachedto the

inner raceof thering bearing.Above thehorizontalplateis theverticalsupportstructure,

which bearsthe vertical load of the azimuthaldrive motor, calibrationtargets,andyoke.

The loadof theyoke andscanheadis distributedto thestructurethroughthering bearing

andanadditionalupperbearinglocatedat thetop of theazimuthaxis. Within thevertical

supportstructurearetheambientandheatedcalibrationloads. The loadsaremountedto

theforeandaft wallsof thestructure.Thescanheadantennasview thetargetswhenpointed

eitherforeor aft andat 45ò abovethehorizontalplane.

All of thePSRcomponentsareplacedout of theaircraftslip stream,exceptfor the

bottomhalf of the scanhead.To reducethe dynamicpressureto ó 30% of its freestream

value,a perforatedfenceis attachedto theaircraft in front of thescanhead.This arrange-

ment greatly reducesthe drag on the scanhead,which also reducesthe requiredmotor

torque. The P-3 integration is completedby an experimenter’s-bay(actually the bomb-

bay)faringthatreplacesthebaydoors.ThePSRandfaringareshown installedon theP-3

in Figure3.3.

3.1.1 Micr owaveand IF systems

The four microwave radiometersoperatein the X (10.7 GHz), K (18.7 GHz), Ka (37.0

GHz), and W (89.0 GHz) frequency bands2. The typical radiometercomprisesa dual

polarizationantenna,adualchannelsuperheterodynereceiver, IF amplifiersandsquare-law

detectorswith videoamplifiers.Thereareeightanalogradiometeroutputscorrespondingto

4 bandsô 2 polarizations.TheIF amplifiersalsohaveoutputsthatareconnectedto theIF

processingandhigh-speeddigital correlationsystemfor third Stokesparameterdetection

aswell asdual-polarizationtotal power detection.In theIF processingstage,theIF bands

of the37 and89 GHz systemsaresub-dividedinto six 500MHz subbands.Includingthe

10.7and18.7GHzsystemsthereareatotalof 24digital radiometeroutputscorresponding

to 8 subbandsô 3 Stokesparameters.Table3.1lists thecharacteristicsfor eachof thefour
2TheW-bandradiometeroperatedonly for thetransitflight from WFFto theLabradorSea.
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Figure3.3: ThePSRandbomb-bayfaringinstalledon theNASA P-3.
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Table3.1: PSRRadiometerSpecifications.

Band X K Ka W
Frequency (GHz) 10.4-10.8 18.4-19.0 36-38 86-92
Receiver type SSB/HEMT SSB/HEMT DSB/LO DSB/LO
IF bandwidth(MHz) 250 500 1000 2000
Receiver temp.(K) 1000 350 800 800
Sensitivity (K) for

8 msintegration 0.7 0.18 0.28 0.18
3-dBbeamwidth 8õ 8õ 2.3õ 2.3õ
3-dBspotsize(km)

at 5 km altitude:
nadir 0.70 0.70 0.20 0.20
53õ incidence 1.1 ö 1.9 1.1 ö 1.9 0.32 ö 0.55 0.32 ö 0.55

radiometers.

The antennasfor the four radiometersystemscanbe seenin the photographsof

the scanheadfaceplatein Figure 3.4. The X- and Ka-bandsystemssharea dual-band,

dual-polarization,antenna.TheX-bandortho-modetransducer(OMT) is a turnstyletype

waveguidejunctionandhasexternalcoaxialcableandstriplinesignalcombining,while the

Ka-bandOMT is athru-andside-portwaveguidestructure.Singlebandantennaswith thru-

andside-portOMTs areusedfor theK- andW-bandsystems.To compensatefor therela-

tively small focal lengths( ÷�ø ùûúýü ) requiredto fit thevariousantennasin thescanhead,

eachantennahasa dielectriclensthat increasesthebeamefficiency to þ 90%. Thelenses

haveconcentricinsidegroovesfor impedancematchingandalsoserveasaerodynamically-

shapedphysicalbarriersbetweentheoutsideair andthefeedhorncavities.

Connectedto theantennaOMT outputportsarethefour dual-channelradiometers.

The PSRradiometersarebaseduponthe prototypicaldigital polarimeterasdiscussedin

Chapter2. The X-bandradiometeris a single-sideband(SSB)superheterodynereceiver

with 20dB gainlow noiseamplifiers(LNAs) and250MHz band-passfilters (BPFs)in the

RF paths. The mixersaredoublebalancedanddrivenby commonLO signalsgenerated

by a dielectricresonantoscillator(DRO). The LNAs, BPFs,mixers,andLO arediscrete
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(a) front view

(b) backview

Figure3.4: ThePSRantennasandradiometersinstalledonthefaceplatebeforeinstallation
into thescanhead.
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componentsconnectedusing SMA adaptorsand coaxial cables. The mixer outputsare

connectedto IF amplifiermoduleswith built in square-law detectorsandvideoamplifiers.

The videoamplifier voltageoutputis from 0-10 V. Additional IF outputsarecoupledoff

at ÿ -20 dBm power level andfed to theIF processinganddigital correlationsystem.The

IF andpower detectioncomponentsdescribedherearealsoreplicatedin the other three

radiometers.

TheK-bandradiometeruseswaveguideBPFsconnectedto theOMT outputs.Af-

ter the first filter stage,the signalsarefed to LNAs andimagerejectfilters. The outputs

of the secondfilter stagearesentto single-diodewaveguidemixers,which aredrivenby

a commonGunndiodeLO. The phaseof the LO signalsin the K-, Ka-, andW-bandra-

diometerscanbeadjustedto accountfor phasedifferencesin theOMT armsandconnecting

waveguides.(A phaseshifter is not neededin theX-bandsystembecauseof the inherent

symmetryof theturnstyleOMT.) Thephaseshiftersareplacedin oneof thetwo LO paths

andwork by insertingadielectriccardinto thewaveguide,thusincreasingthephasedelay

throughthewaveguide.Unlike theX- andK-bandsystems,theKa- andW-bandradiome-

ters are basedon double-sideband(DSB) receivers with single diode mixer front-ends.

Precedingthemixersarewaveguideisolators,which preventLO leakagefrom theanten-

nas. Suchleakagehasbeenshown to bea potentialcauseof radiometergainmodulation

by reflectionfrom, e.g., imperfectcalibrationtargets[36]. Like the K-band radiometer,

themixersaredrivenby a singleGunndiodeoscillatorandtheIF signalsareprocessedas

describedabove.

Theintermediatefrequency (IF) processingsystemusesIF (L-bandandlower fre-

quency) amplifierchainsandsubbanddivisionhardwareto conditiontheIF outputsignals

of the four radiometersfor processingby the digital correlators.The IF amplifier chains

arerequiredto provide the necessaryÿ 5 dBm power to the digital correlators.The sub-

banddivisionhardwareis requiredbecausethecorrelatorshaveaNyquistbandwidth� 500

MHz while theKa- andW-bandIF signalshavemorethan500MHz bandwidth.Referring

to Table3.1, a total of 4000MHz of radiometricbandwidthdistributedbetweenthe four
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Figure3.5: The IF platecontainsthe amplifiersandfilters thatpreparethe IF signalsfor
input to thedigital correlators.

frequency bandsis divided into eight 500 MHz subbandchannelpairs. The IF systems

were fabricatedusingstandardconnectorizedamplifiers,mixers,oscillators,andattenu-

ators. All componentswereconnectedusingfemale-femaleSMA adaptorsor aluminum

cladsemi-rigidSMA coaxialcables.

The IF amplifier chainswerecomposedof two discreteamplifiersanda low-pass

filter (LPF) (seeFigure3.5). The first amplifier increasesthe -20 dBm signal from the

radiometerto � 0 dBm. A secondmedium-power amplifier addsan additional10 dB of

gain. This secondamplifierhasa 1dB compressionpoint of � 12 dBm which is sufficient

for the correlatorinputs. Following the output of the secondamplifier stageis a 3 dB

attenuatorandLPF. TheLPFhasa1 dB cutoff of 450MHz, which ensuresthatthereis no

significantsignalpowerabove500MHz. A attenuatoris neededbecausethehighreflection

coefficient of theLPF above 500MHz couldmake theprecedingamplifierunstable.With

theinsertionlossof theattenuatorandthefilter thepoweroutputis � 5 dBm.
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Figure3.6: IF subbanddivisionhardware.Thismoduledemultiplexesthe1000MHz IF of
theKa-bandradiometerandthe2000MHz IF of theW-bandradiometerinto six 500MHz
sub-bands.

The subbanddivision hardware converts the 1000 MHz IF bandof the 37 GHz

radiometerinto two 500 MHz sub-bandsandconverts the 2000MHz IF bandof the 89

GHz radiometerinto four 500 MHz sub-bands.A photographof the subbanddivision

hardwareis shown in Figure3.6. TheKa-bandsystemincludesasignalsplitter, mixerand

LO. TheIF outputof theKa-bandradiometeris sentto thesignalsplitter. Oneof thesplitter

outputsis connecteddirectly to anIF amplifierchain(asdescribedabove). Thefilter in the

IF chaintruncatestheIF bandwidthto includeonly thelower 500MHz. Theotheroutput

is mixedwith a 1000MHz LO signal. This operationreversesthe frequency spectrumof

the1000MHz IF band.Themixer outputis thensentto anIF chain,which amplifiesand

passesthe lower 500 MHz. Becauseof the frequency inversionperformedby the mixer

circuit, this second500 MHz subbandcontainsthe contentof the upperhalf of the 1000

MHz Ka-bandradiometeroutput.
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Figure3.7: Thescanhead486embeddedcomputersystem.

3.1.2 Data Systemand Motion Control

Theanaloganddigital radiometeroutputsarereadandrecordedby thedatasystem,which

includesthreecomputers:one in the scanheadand two in the aircraft cabin. The main

computerin thecabinprovidestheuserinterface,massdatastorage,andmotion control.

The purposeof the scanheadcomputeris to acquireradiometerdataand to control the

digital correlators.ThesecondarycabinPC is usedto controlandstoretheoutputof the

calibrationloadtemperaturemeasurementsystem.Thethreecomputersarelinkedvia a10

base-2ethernetandtime synchronizedto betterthan1 msecusinga singleIRIG-B time

codesource.

Thescanheadcomputersystemis basedon anembedded486PCrunningtheMS-

DOSoperatingsystem.A photographof thecomputeris shown in Figure3.7. ThePChas

a four slot passivebackplanearchitecturewith thefollowing hardwarecomponents:� 486singleboardcomputerwith 8 MB RAM
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� PCMCIA adaptorwith

– 4 MB SRAM solid statediskdrive(SSDD)

– 10 base-2ethernetadaptor� IRIG-B timecodereceiver� Multi-function I/O card

– 24-bit digital I/O interface

– 16 channel12-bitA/D converterinterface

The configurationof thesecomponentsis shown in Figure3.8. The 486 computerboots

from the4 MB SSDD,which holdsthedisk andnetwork operatingsystems.Sixteenbits

of the digital I/O interfaceareusedfor the digital correlators.The remainingeight bits

areusedto addressandsetanalogoffset level generatorswhich areusedto shift theeight

analogradiometervideo outputsinto the input voltagerangeof the scanheadPC 12-bit

A/D converter. Threeof the remainingA/D converterchannelsareusedto measurethe

temperaturevia thermistorsat threeplaceswithin thescanhead.A fourth analoginput is

usedasa receiver for a DC level shift signal,calledthehardwaretrigger, that is generated

by themotioncontroller.

The scanheadPC runs a Pascaldataacquisitionprogram,the main function of

which is to operatethe correlatorsandacquireradiometerdata. Theprogram’s basicop-

erationis given in Algorithm 1. Basic operationis as follows: the computerreadsthe

radiometerdataandstoresit to the RAM disk. The output from the IRIG-B time code

receiver is usedto time-stampall acquireddatato 1 msecresolution. If the radiometers

arenotpointingat thesceneor calibrationloads,thenhousekeepingdatais readandstored

aswell. Dataaretransferredfrom theRAM disk to thecabinPCapproximatelyevery 15

minutesor on commandof theuservia the hardwaretrigger. Secondaryfunctionsof the

Pascalprogramareto setthedigital correlatorthresholdlevelsandtheanalogradiometer
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Figure3.8: Block diagramof thescanheaddatasystem.
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offsetvoltages.This operationis donea few minutesaftertake-off andgenerallydoesnot

needto berepeated.

Algorithm 1 Main functionof scanheadPC

loop
repeat

enablethecorrelatorclockoutput
write theprevioussampleddataontotheRAM disk
readtheanalogradiometerdata
wait until correlatorcountingis complete
readthedigital correlatordata
if hardwaretriggerindicatestransitstatethen

readhousekeepingdata
storehousekeepingdata

end if
until RAM disk full
transferRAM diskdatato cabinPCharddiskdrive

end loop

Themainandsecondarycabincomputersaremountedin anequipmentrackinside

theaircraft cabin.Agraphicaluserinterface(GUI) waswritten in Microsoft Visual Basic

for Windows 3.11andis run on the main computer. The GUI allows the userto control

theradiometerdataacquisition;specify, startandstopdifferentscanmodes;andview both

housekeepingandradiometerdatafiles. Thesecondarycabincomputercontrolsandstores

datafrom thecalibrationloadtemperaturemeasurementsystem.

Themotioncontrolsystemis a microprocessor-basedtwo-axissteppermotorcon-

troller with incrementalencoderfeedback.Thehigh-torquesteppermotorsaredrivenby

microsteppingmotor amplifiersand have 135 N-m (100 ft-lbf) output torque,which is

sufficient to acceleratethe scanheadduring the scanningsequencesandto overcomethe

dragfrom the aircraft slip-stream.Additionally, the motorsareoil filled anddesignedto

withstanda condensingatmosphereandtemperaturesrangingfrom -40 to +40� C. Theaz-

imuth motor hasa 29:1 gearheadintegratedinto the motor casing. A 1024line optical

encoderis driven via a 1:1 low backlashgearset for positionfeedback.An incremental

encoderinterfacethatoperatesusingquadraturedecodingprovides12-bitsor (0.088� ) of
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positionresolution.Theelevationsteppermotoralsohasan11:1reductiongearheadand

usesanadditionalpairof externalgearsto rotatethescanheadabouttheelevationaxis.An

additional1024line opticalencoderis directly drivenby thescanheadandprovideseleva-

tion positionfeedback.The encodersareequippedwith sealedbearingsandan extended

temperaturerangespecification.

Theprogrammablemotorcontrolleris mountedin themaincabinPCandreceives

commandsfrom theuserthroughthemaincomputerGUI interface.Uponsystemstartup,

several motion control programsaredownloadedto the controller’s memory. Thesepro-

gramsareexecutedat theoperator’sdirectionandincludecommandsfor homingthescan-

nerandstartingthedifferentscanmodes.Homingthescanneris achievedby usingabsolute

positionmarksinternalto thetwo encoders.Themotionsequencesfor thetwo scanmodes

aredescribedin Algorithms 2 and3. During the scanningsequencesthe encodercounts

arecontinuouslyread,timestamped,andstoredon the harddisk by the main cabincom-

puter. Thesedataareusedduringpost-processingto determinethepointinganglesof the

radiometers.

A final taskof the motion controller is to set the voltageof the hardwaretrigger

signal that is sent to the scanheadcomputer. The hardware trigger is a DC signal that

specifiesthestateof thescannerduringthescansequence.For example,hardwaretrigger

tagsfor thehotandcoldcalibrationlooksareusedto extractthecalibrationmeasurements

from aradiometerdatafile. Thedifferenthardwaretriggerstatesarelistedin Table3.2.

3.2 Data PostProcessing

The PSRdataprocessingis divided into several levels designatedfrom Level 1.0 data

throughLevel 2.3. The initial Level 1.0 dataaretheraw binaryor ASCII files containing

datarecordedfrom differentsourcessuchas the analoganddigital radiometersand the

aircraft navigation system. The final dataLevel 2.3 containsfully calibratedradiometer

dataorganizedinto flight segments.Thevariousdatalevelsandtheprocessesrequiredto

57



Algorithm 2 ConicalScanningRoutine

resetmotionsystem
beginmotion azimuth � 180� , elevation � 45��� cold load	
hardwaretrigger 
 transit
loop

wait until scannermotioncomplete
hardwaretrigger 
 cold load
pause500ms
begin motion elevation � scenelook angle � typically 53.1� off nadir	
begin motion azimuth ��� 1.5revolutions � 1 turn for scene,0.5for calibration	
hardwaretrigger 
 transit
wait azimuth== 270��� startof scan	
hardwaretrigger 
 fore-scan
wait azimuth== 90��� midpointof scan	
hardwaretrigger 
 aft-scan
wait azimuth== 270��� endof scan	
begin motion elevation � 45��� calibrationlook angle	
hardwaretrigger 
 transit
wait for motionto stop � azimuthnow at 0��	
hardwaretrigger 
 hot load
pause500ms
begin motion azimuth � 180��� moveto cold load	
hardwaretrigger 
 transit

end loop
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Algorithm 3 Cross-trackScanningRoutine

resetmotionsystem
beginmotion azimuth 
 180� , elevation 
 45��� cold load�
hardwaretrigger � transit
loop

wait until scannerstopsat cold load
hardwaretrigger � cold load
pause500ms
begin motion azimuth 
 90� � port sidelook �
hardwaretrigger � transit
wait azimuth== 115� � almostto port look �
begin motion elevation ��
 0.75revolutions � 0.5 turn for scene,0.25 for calibra-
tion �
wait elevation== 70� off nadir � startof scanlooking port�
hardwaretrigger � port-scan
wait elevation== nadir � midpointof scan�
hardwaretrigger � starboard-scan
wait elevation== 70� off nadir � endof scanlookingstarboard�
begin motion azimuth 
 0� � hot load�
hardwaretrigger � transit
wait for motionto stop
hardwaretrigger � hot load
pause500ms
begin motion azimuth 
 180��� moveto cold load�
hardwaretrigger � transit

end loop
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Table3.2: PSRmotionsystemhardwaretriggerstates.

State Description Voltage(V)
0 stand-by 0.1
1 hot calibrationlook 0.8
2 cold calibrationlook 1.5
3 scannertransit(not sceneor calibrationdata) 2.2
4 fore-lookin conicalscan 2.6
5 aft-look in conicalscan 3.3
6 port sideof cross-trackscan 4.1

7 and8 homeposition 4.8and4.6
9 starboardsideof cross-trackscan 5.4

10 cold sky calibrationlook 6.2
11 nadirlook 6.9
12 reservedfor expansion 7.5
13 not used 8.3
14 terminatedataacquisitionsignal 9.1
15 systemin startupmode 9.9

movefrom eachlevel to thenext aredescribedin thissection.

Beforeprocessing,all theaircraft sortiesaresegmentedinto a standardsetof ma-

neuvers,serializedandrecordedin a maneuver flight catalog[19,AppendixL]3. Eachcat-

alogentryis aspecificmaneuverassociatedwith aserialnumberanddesignatedby adate,

rangeof times,anddescription.Typicalflight maneuversfor thecatalogentriesarestraight-

and-level flight, constantaltitudeturns,andascendinganddescendingspirals. TheLevel

1.0dataareseparatedinto segmentsaccordingto serialnumberandall thedatastreamsare

compiledinto individualfiles (onefor eachsegment)thatcomposetheLevel 1.1data.The

Level 1.1 datais convertedto Level 1.2 by linearizingthe total-power digital radiometer

outputandregisteringall datastreamsto a commontime grid by interpolation.Level 1.2

datais convertedto Level 1.3by organizingthetime sequenceddatainto rasterimages.A

rasterimageis amatrixwith thescannumberalongonedimensionandscansamplesalong

theseconddimension.Therasterimagesareindexedalonga third dimensionaccordingto
3R. C. Lum of GeorgiaTechmeticulouslycomposedtheflight catalogfor theLabradorSeaexperiment.
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datatype(e.g.,radiometerchannel,pitch, roll, timestamp,etc.).Thedigital datais quality

checkedfor anomalousbit-errors(spikes)duringconversionfrom Level 1.3to Level 1.4.

Thestepfrom Level 1.4to Level 2.0or 2.1 is thefirst majorcalibrationstep.Level

2.0 dataarecalibratedbrightnesstemperaturesgeneratedusingsinglescangainsandoff-

sets.Level 2.1 dataaresimilar but calibratedusingWiener-filtered gainsandoffsets[2].

Thedigital correlatordataarealsolinearized,correctedfor offsets,andconvertedto cali-

bratedthird Stokesparameterbrightnesstemperatures.Level 2.0and2.1dataarecorrected

for pitchandroll variations,whichresultsin Level 2.2and2.3data,respectively. Level 2.3

is thehighestquality level of PSRcalibratedbrightnesstemperaturesavailable. Table3.3

lists thedifferentdatatypesavailablein theLevel 2.3 indexedrasterformat.

3.3 Pitch and Roll Corr ection

Deviationsin elevationandpolarizationrotationanglesfrom their nominalvalueswill in-

troduceunwantedperturbationsin the measuredStokesvector. Suchdeviationsarecon-

tinuouslypresentandchangingthroughouta conicalscandueto variationsin theaircraft

attitude(i.e., pitch androll anglevariations).To facilitatethe interpretationof brightness

imagery, it is advantageousto referenceall brightnesstemperaturemeasurementsobtained

during a conical scanin level flight to a constantelevation angle(e.g., the SSM/I nadir

angleof 53.1� ). A first-ordercorrectioncanbe madesuchthat the correctedbrightness

temperatureis: ����� � � ��������� ���! "� �# $� � �&% � �% � '''' ( )*( + (3.1)

where
� �

and
�

arethenominalandtrueelevationangles,respectively.

The elevationalsensitivity of brightnesstemperature(the derivative % � �!, % � ) was

measuredusingthecross-trackscanmodeduringthespiralflight patternsovertheLabrador

Sea. The spiralswereflown with a constantbank angleand the PSRradiometerswere

scannedacrosstheaircraftheading.Thisconfigurationproducedbrightnessmeasurements
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Table3.3: PSRLevel 2.3datatypes.

Index Description Units
1 X-band,V-pol, analogradiometer K
2 X-band,H-pol, analogradiometer K
3 K-band,V-pol, analogradiometer K
4 K-band,H-pol, analogradiometer K
5 Ka-band,V-pol, analogradiometer K
6 Ka-band,H-pol, analogradiometer K
7 W-band,V-pol, analogradiometer K
8 W-band,H-pol, analogradiometer K
9 X-band,V-pol, digital radiometer K
10 X-band,H-pol, digital radiometer K
11 X-band,U-channel,digital radiometer K
12 K-band,V-pol, digital radiometer K
13 K-band,H-pol, digital radiometer K
14 K-band,U-channel,digital radiometer K
15 Ka-band,V-pol, digital radiometer;subband1 K
16 Ka-band,H-pol, digital radiometer;subband1 K
17 Ka-band,U-channel,digital radiometer;subband1 K
18-20 sameas15-17,exceptsubband2 K
21 W-band,V-pol, digital radiometer;subband1 K
22 W-band,H-pol, digital radiometer;subband1 K
23 W-band,U-channel,digital radiometer;subband1 K
24-26 sameas21-23,exceptsubband2 K
27-29 sameas21-23,exceptsubband3 K
30-32 sameas21-23,exceptsubband4 K
33 azimuthencoder deg
34 elevationencoder deg
35 aircraftlatitude deg N
36 aircraftlongitude deg E
37 aircraftheading deg
38 pressurealtitude feet
39 GPSaltitude feet
40 aircraftpitch deg
41 aircraftroll deg
42 IRIG-B timestamp mspastmidnight
43 pointingazimuthangle deg
44 pointingnadirangle deg
45 polarizationrotation deg
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Table3.4:Elevationalbrightnesssensitivitiesfor X- throughKa-bandsat53.1- asmeasured
by PSRduringtheLabradorSeaexperiment.

Date 3/3/97 3/4/97 3/7/97 3/9/97
Time(UTC) 1515 1645 1630 1455

X-v 1.61 1.55 1.82 1.86
X-h -0.910 -0.809 -0.931 -0.919
K-v 1.50 1.42 1.76 1.82
K-h -0.843 -0.794 -0.933 -0.926
Ka-v 1.23 1.16 1.33 1.54
Ka-h -0.622 -0.412 -0.370 -0.642

for elevationanglesfrom nadir to . 70- incidence.For example,theMarch9, 1997mea-

surementsof /10 and /�2 versus3 are plotted in Figures3.9-3.11. Thesemeasurements

weremadeat 1455UTC at analtitudeof . 450m (1500ft). Theelevationalsensitivities

of the brightnesstemperaturesat 3547698;: < - for several representative flights arelisted in

Table3.4.

Thethird Stokesparameteris primarily sensitiveto polarizationrotationratherthan

elevation anglevariations. Like / 0 and / 2 , /!= can be rotationally correctedusing the

appropriatetermsfrom thepolarizationbasistransform[8]:/ =?> @ 4"A�B�4�/ =?> @ B�C > /�2EDF/10 B*G H I > DKJ @ B (3.2)

where@ is thepolarizationrotationangle.

Aircraft pitch androll variationsaretheprimarysourceof elevationangleandpo-

larizationrotationdeviations.Samplerecordsof theP-3pitch androll from 2014UTC on

March 4, 1997asacquiredfrom theaircraft’s ARINC 429 10 Hz datastreamareplotted

in Figure3.12. The . 0.3- pitch androll variationscancausebrightnessperturbationsof. 0.3-0.6K. A pitch androll datacorrectionalgorithmwasdevelopedto compensatefor

unplannedaircraftattitudevariations.

The correctionalgorithmis basedon calculatingthe true elevation angleandpo-

larization rotationgiven the PSRposition encodervaluesand the aircraft pitch and roll

data. First, the antennapointing andhorizontalpolarizationvectorsaretransformedinto
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theEarth’s (world) coordinateframeusingfive rotationaltransforms.Then,theazimuth,

elevation(from nadir),andpolarizationrotationanglesarecomputedfrom theoutputvec-

tors. Oncetheseanglesarefound, the correctionsto the brightnesstemperaturescanbe

madeusing(3.1)and(3.2).

Thetransformationof theantennapointingandpolarizationvectorsto theworld co-

ordinateframeis achievedusingfive rotationaltransformoperations[26]. Theserotations

areperformedaboutthe scanheadelevation andazimuthaxes, the aircraft roll andpitch

axes,andfinally thecompassheadingaxis.Figure3.13illustrateseachof thesecoordinate

framerotations.In vectornotationthecompoundtransformationisNOQP RKSUTV�W X headY!Z R[S*T\"W X pitch Y!Z RKSUT]"W X roll Y!Z RKSUTV�W X azY!Z R[S*T\"W X el Y!Z N^ (3.3)

where
N^

is thepointingor polarizationunit vectorin theantennacoordinateframeand
NO

is

therespective unit vectorin theworld coordinateframe.Theantennapointingunit vector

is _`�a P W b;c b*c d Y e andthehorizontalpolarizationunit vectoris _f P W b*c d9c b Y e . Therotation

operatorsaregivenby thefollowing:R S*T] W X Y P ghhhi djb bblk m9n*Xpo5n q r�Xbsn q r�Xtk m9n*X
u vvvw (3.4)

R S*T\ W X Y P ghhhi k m9n*Xxbyn q r�Xbzd{bo5n q r�X|b}k m9n*X
u vvvw (3.5)

R S*TV�W X Y P ghhhi k m�n;Xpo5n q r�X|bn q r�X~k m�n;Xxbb bzd
u vvvw (3.6)

The azimuth,elevation, and polarizationanglescan be found from the different
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vectorcomponents.Thetrueelevationangle� is�[��� ���U�*������ � ��;��E� ��9� � ���9���� (3.7)

where �� � , ��9� , and �� � arethe � , � , and � componentsof theantennapointingvectorin the

world coordinateframe.Thetrueazimuthangle � , in thecompassroseorientation,is����� �9� �U�#� �� ��� �*� (3.8)

Thepolarizationrotationangleis foundby projectingthepolarizationvectorin world co-

ordinateframe �� � � �� ��  ��;�   �� � � ¡ into thesphericalworld coordinatesandusingtheinverse

tangentfunction: ¢ ��� ��� �*� �� �!£ ¤9¥ � £ ¤9¥ � � ��;� £ ¤�¥ � ¥ ¦ �&�¨§ �� � ¥ ¦ �E�§ �� �!¥ ¦ �#� � ��;� £ ¤�¥ � (3.9)

Theangle

¢
hasa righthandedsenseaboutthe ��9© -axis. Note that theazimuthangle � is

undefinedif thetrueelevationangleis zero( �¨ª¬« ). In this case,thepolarizationangleis

definedas ����� ��� �*�#� ��;��� �U� (3.10)

The needfor pitch and roll correctionis strikingly illustratedin Figure3.14. In

thisfigure,thesolidcurve is theaverage­�® azimuthalsignature,correctedfor polarization

basisrotations,over theLabradorSeaat 1555UTC on March4, 1997.Thesurfacewinds

werereportedto be279̄ at16ms�U� , whichcoincideswell with theobserved ­ ® variation.

Thezero-crossingandsteepslopenear279̄ is characteristicof the theupwinddirection.

Thedottedcurve, however, is theaverageuncorrected­ ® azimuthalsignature.Note, that

the characterof the two curvesis quite different. The pitch androll correctionremoves

polarizationrotationerrorsthat maskthe true natureof the signal. To further verify the

performanceof thepitchandroll correction,thesquared-correlationcoefficientbetween­U°
(or ­�± ) and � wascomputedbeforeandaftercorrectionfor severalflight tracksthroughout
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the LabradorSeadataset (seeFigure3.15). As seenin the left columnof plots, 13%-

46% of the variationin the uncorrectedbrightnesstemperaturesis attributableto aircraft

attitudinalchanges.The correctionalgorithmreducedthis dependenceto 0.24%-0.01%,

which is illustratedby thenearlyhorizontallinesin theright handplots.

3.4 Labrador SeaExperiment

The LabradorSeaexperimentconsistedprimarily of six data flights from March 1 to

March 10, 1997over the LabradorSeaalongwith threelocal dataflights of the Atlantic

OceannearWallopsIsland,Virginia. Theobjectiveof theexperimentwasto observe high

wind speed( · 10mş*¹ ) conditionsto verify theutility of passivepolarimetricwind vector

sensingin high seas. The primary dataproductswere the oceansurfaceemissionhar-

monicsandhigh-resolutionpolarimetricmicrowave imageryof the ocean. The imagery

provideduniqueobservationswith which to demonstratethe retrieval of oceanwind vec-

tor fieldsusinga varietyof channelandviewing two-look configurations.Flight patterns

wereconductedat º 6.1km (20,000ft) altitudeandincludedhex-crosspatterns(described

in Chapter5), patrols(coincidentflight legs flown on oppositeheadings),ascendingand

descendingspiralswith constantbankangle,andlong ( » 100km) transects.TheMarch1

flight departedfrom the NASA WallopsFlight Facility (WFF), Wallops Island,Virginia

andterminatedin GooseBay, Labrador, Canada.SortiesonMarch3, 4, 7 and9 originated

from GooseBay. The March 9 flight terminatedin Brunswick,Maine. The returnflight

to WFF on March10 includedmaneuversover two oceanbuoys off theeasternshoresof

VirginiaandMaryland.

During theLabradorSeaexperiment,theNASA WFF P3-BOrion aircraftwasnot

only outfittedwith thePSR,but alsoincludedthefollow instruments:¼ CSCAT: C-bandscatterometer(Universityof Massachusetts)¼ KASPR:Ka-bandconically-scanningpolarimeter(UMASS)
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½ KAPOL: Ka-bandnadirviewingpolarimeter(NOAA/EnvironmentalTechnologyLab-

oratory)½ CWVR: 21 and31GHzzenithviewing cloudandwatervaporradiometer(ETL)½ ROWS: radaroceanwavespectrometer(NASA/WFF)½ GPSdropsondestation- NCAR

TheflightsconcentratedovertheWoodsHoleOceanographicInstitute’sR. V. Knorr. Scien-

tistsaboardtheKnorr operatedasuiteof surfacemeteorologicalinstrumentsandlaunched

daily radiosondes4. Theflights werealsocoordinatedto underflyDMSPSSM/I, NSCAT,

andERS-2scatterometer.

ThePSRscanningmechanismoperatedreliably for all dataflights. Ambientcondi-

tionsmetdesignexpectationswith temperaturesaslow as-50¾ C. Theinternaltemperature

of thescanheadwastypically near0¾ C at altitude.Thefollowing PSRradiometersystems

providedqualitydatafor thesix flights:½ X-bandanaloganddigital½ K-bandanalog½ Ka-bandanalog(H-pol) anddigital subbands1 and2

Theprimarycausefor themalfunctionof theremainingsystemswasthemechanicalcou-

pling of thescanningmotionto RFcomponents.Thisphenomenonwasevidencedby large

( ¿ 10-50K) andsomewhatsystematicoutputvariationscorrelatedto azimuthencoderval-

ues.TheW-bandradiometerwasnon-operationaldueto mixerandLO failure.Thedigital

correlationsystemperformedwell, with theexceptionof a few instanceswhentheaircraft

DC voltagesupplydroppedbelow the expected28 VDC. Otherwisethe operationof the
4PeterGuestof theNaval PostgraduateSchoolprovidedsurfacetruthandradiosondedatameasuredfrom

aboardtheKnorr.
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digital correlationsystemwasa successfultechnologydemonstrationandprovidedimpor-

tantnew polarimetricobservationsat 10.7and37.0GHz. A comprehensivedescriptionof

theLabradorSeaexperiment,includingadetailedflight catalog,canbefoundin [19].

3.4.1 PSRMicr owave Imagery of the OceanSurface

Radiometricbrightnessimageryobtainedusing the PSRrevealsboth a systematicwind

direction signatureand stochasticvariability of geophysicalorigin. The datapresented

hereinwereobtainedfrom 1632-1642UTC duringtheLabradorSeaflight onMarch4 and

contains37azimuthalscansprocessedaccordingtheto proceduresdetailedin theprevious

sectionsandcalibratedasdescribedin Chapter4. Thewind speedanddirectionwere16.2

msÀUÁ at270Â asmeasuredusingKnorr wind sensorsandtheoceanswellwas Ã 5 m (16ft)

from 275Â accordingto observersaboardtheKnorr.

As wasintroducedin Chapter1 (Figure1.1) andwill be thoroughlydiscussedin

Chapter5, theelementsof theStokesvectorcontainsystematicÃ 1-2 K azimuthalvaria-

tionsover theoceanat afixedelevationanglethatarehighly correlatedto thenear-surface

wind direction.Suchvariationscanbeseenin theaverageazimuthalscansfor theMarch4

dataasshown in Figure3.16.Theverticalpolarizationexhibitsafirst-orderharmonicvari-

ationin theazimuthcoordinate.Theharmonicvariationis even-valuedwith respectto the

wind direction(i.e.,it is cosinusoidal)andhasits peakvalueneartheupwindazimuthangle

of 270Â . Thehorizontalpolarizationalsoexhibits a cosinusoidalvariationwith respectto

the wind direction,however, the variationhasa dominantsecond-orderharmonicdepen-

dencethat is negative in sign. This characteristicis illustratedby the nulls in brightness

temperaturenearthe upwind (270Â ) anddownwind (90Â ) directionsandthe peaksin the

cross-winddirections(0 and180Â ). The third Stokesparameter, conversely, is in phase

quadraturewith Ä1Å and Ä�Æ . TheaveragedÄ!Ç scanshave a dominantfirst-orderharmonic

character, but aresinusoidalwith respectto thewind directionin nature.Theseproperties

areevident in therighthandplotsof Figure3.16. Thevalueof Ä Ç is zeroneartheupwind

anddownwinddirections,while thepositivepeakis seento be90Â clockwisefrom upwind
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(0Í ) andthe negative is 90Í counterclockwise(180Í ). This cross-windasymmetryis in-

dicative of thephase-quadraturenatureof Î�Ï comparedto ÎUÐ and Î1Ñ . All of theaverage

featuresof Î Ð , Î Ñ , andÎ Ï canbeseennotonly in theaveragescanplotsof Figure3.16,but

in thebrightnessimagerydescribedin theremainderof this section.

Thesystematicwind directionsignatureis revealedin thePSRX, K, andKa band

rasterimagespresentedin Figures3.17through3.19.Thetwo coordinatesin therasterfor-

mataretheazimuthlook angleandthealongtrackpositionor scannumberandthecolorof

thepixelsrepresentsthebrightnesstemperatureasindicatedby theaccompanying key. In

the Î1Ð imagery(upperleft imagewithin eachfigure),thefirst-orderharmonicdependence

is clearly evidencedby brighteningin the upwind direction(recall the cosinusoidalchar-

acteristic).The second-orderazimuthalharmonicis evident in the Î Ñ imagesandcanbe

seenasincreasedbrightnesstemperaturein thecross-winddirections,while thetwo streaks

of lower brightnesstemperaturesarein theup anddownwind directions.Finally, theodd

symmetryof the Î Ï signatureis seenin the third Stokesparameterimageryaspositive

valuesto theright of thewind directionandnegativevaluesto theleft.

Thewind directionsignaturecanalsobeseenin thegeolocatedimagerydisplayin

Figures3.20through3.22. Theinformationfor eachpolarizationis dividedinto fore- and

aft-looks,suchthat two swathsaredisplayedfor eachpolarization.In the Î Ð imagery, the

effect of thewestwind on thebrightnesstemperaturecanbeseenasa warmingalongthe

westernedgeof the swath becausethe radiometersarepointedto the west. Becausethe

215Í flight track headingis nearlycross-wind,the Î Ñ imageryexhibits increasedvalues

alongthe middle of the swath (with the radiometerspointing cross-wind)anddecreased

amplitudealongthe swath edges(with the radiometerspointing upwind anddownwind).

Furthermore,the Î Ï imagerypossessesastrongfore/aft-lookcontrastandvaluesnearzero

alongtheswathedges.Thesecharacteristicsareindicative of thequadraturephaseof the

azimuthaldependenceof thethird Stokesparameter, with positiveandnegativeextremain

thecross-windlook directions.Note,thatwhile thewind directionsignatureis notobvious

in the37.0GHz Î Ï rasterimagery, thegeolocatedimageryclearly revealsthecross-wind
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Figure3.17:PSR10.7GHzpolarimetricmicrowave imageryof theoceansurface.
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Figure3.18:SameasFigure3.17exceptthefrequency is 18.7GHz.
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Figure3.19:SameasFigure3.17exceptthefrequency is 37.0GHz.
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asymmetry.

In additionto thesystematicwind directionsignature,therearestochasticvariations

in the brightnesstemperaturesseenin the rasterimagery. Thesevariationsare clearly

revealedby removing theazimuthalmeans(from Figure3.16anddisplayingthe residual

brightnessdeviationsaswasdonein the lower imagesin Figures3.17through3.19. The

deviationsfrom themeanareasumof bothinstrumentnoiseand Ò -mesoscalegeophysical

variability. The two different sourcescan be distinguishedbecauseinstrumentnoise is

independentfrom onepixel to the next. The spatialvariability of the geophysicalnoise,

however, extendsover a larger areathanonepixel. Diagonalstreaksthat span Ó 5 scans

appearin the residualrasterimageryandarecorrelatedbetweenpolarizationsandacross

radiometerbands.Becauseof their geophysicalnature,thesefeaturesarebetterillustrated

usinggeolocatedimagery.

Figures3.23 through 3.25 contain the fore and aft-looking geolocatedresidual

brightnessimageryfor X, K, andKa-bands.The diagonalstreaksin the rasterimagery

aremappedto spotsof Ó 5 km in sizein thegeolocatedimagery. Not only arethesespots

presentacrossboth polarizationsandthe threebands,they arerepeatedin both fore and

aft-lookingimagery. Theirpresencein thetwo polarizationsandabsencein Ô�Õ is evidence

thattheexcessemissionis primarily unpolarized.Theemissionalsoappearsto beisotropic

asevidencedby therepeatabilityin bothforeandaft-looks.Thepresencein bothazimuthal

looksalsoindicatesthatthetemporalconstancy of thefeaturesis Ö 100sec.Thecloudtops

werewell below theaircraftat Ó 2.1km (7000ft) altitude(asdeterminedduringaspiralde-

centperformedimmediatelyafter theflight track)andthecloudceiling was Ó 1 km (3300

ft) (asreportedby theKnorr). In total, thesecharacteristicssuggestthatvariability in the

cloudfield is onemechanismpossiblyresponsiblefor theobservedbrightnesstemperature

variability. Othercontributing factorscouldbevariability in theatmosphericwatervapor

or thewind field whichperturbstheoceansurfaceroughness.
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Figure 3.20: GeolocatedPSR10.7 GHz polarimetricmicrowave imageryof the ocean
surface.
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Figure3.21:SameasFigure3.20exceptthefrequency is 18.7GHz.
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Figure3.22:SameasFigure3.20exceptthefrequency is 37.0GHz.
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Figure3.23: GeolocatedPSR10.7 GHz residual(seelower imagesin Figure3.17) mi-
crowave imageryof theoceansurface.
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Figure3.24:SameasFigure3.23exceptthefrequency is 18.7GHz.
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Figure3.25:SameasFigure3.23exceptthefrequency is 37.0GHz.
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3.4.2 Detectionof SunGlint

Themicrowave emissionfrom thesuncanreflectoff theoceansurfaceinto the radiome-

ter feedhorngiven the right geometry. Even whencloudsarepresent,this reflectioncan

increasethemeasuredbrightnesstemperatureby a few Kelvin. Thepresenceof sunglint

in PSRdatais evidencedby theradiometricimageryin Figure3.26. In this image,a 10.7

GHz ×1Ø rasterimageis displayedin grayscale.Thesunglintcanbeseenin the left image

asaslight increasein brightnessalong Ù 170Ú azimuth.Theleft andright imagesareiden-

tical exceptthat a line wassuperimposedon the right imageto emphasizethe azimuthal

trackof thesunglint over time. Thesedatawerecollectedduringa hex-crosspatternfrom

1430-1515UTC onMarch3. Thereis adistinctbright trackrunningfrom Ù 160Ú N atscan

1 to Ù 173Ú N at scan129,which coincideswith thesolarazimuth.Thesolarazimuthcan

becalculatedusingthemethodsin [13].

Plottedin Figure3.27aretheverticalandhorizontalbrightnesstemperaturesat10.7

and18.7GHz averagedover therasterimagery. Thetwo verticaldashedlinesin eachplot

delineatethesolarazimuthsat thestartandendof thehex-crosspattern.Notethatthereis

adistinct Ù 0.3K perturbationbetweentheseboundaries.Sunglint wasnotdetectedin the

Ka-bandimagery.

In additionto correlatingthebright trackof Figure3.26with thesolarazimuth,a

modelis presentedherethatquantitatively verifiesthatsunglint is aprobablecandidatefor

theobservedperturbation.Thesunglint is modeledby assuminga flat oceanandlossless

atmosphereand the antennapatternis approximatedby a Gaussianbeam. The antenna

temperaturecanbecalculatedby thefollowing:×�Û�Ü7Ý?Þ ßà Ý!ßà ×1á�â ã ä å æ*ä ç è¨â ã ä å æ*ä ç*é ê ëEã ä ì;ã ä ì*æ*äÝ�Þ ßà Ý!ßà èíâ ã ä å æ ä ç;é ê ëEã ä ì�ã ä ì;æ ä (3.11)

where × á â ã ä å æ*ä ç is the brightnesstemperatureand è¨â ã ä å æ*ä ç is the antennagain pattern

in the direction â ã ä å æ*ä ç . The coordinatesystemis referencedto the radiometerboresightâ ã ä å æ*ä ç#Üîâ ï;å ï;ç . Becausethesunis relatively small in thesky ( Ù 0.5Ú ), theantennatem-
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Figure3.26:PSRX-bandð1ñ rasterimageillustratingthepresenceof sunglint in radiometer
imagery. Theleft andright imagesareidenticalexceptthata line wassuperimposedonthe
right imageto emphasizetheazimuthaltrackof thesunglint over time. Thesedatawere
gatheredfrom 1430-1515UTC onMarch3, 1997over theLabradorSea.
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peraturecanbeapproximated:ò1óõô ò1öí÷ ø#ùUú û ö!ü ÷ ýUþ¨ú û ÿö ü � � ö� ý �� � �� þíú û ÿ � � ÿ ü � � 	 û ÿ ��û ÿ � � ÿ (3.12)

where

ò ö
is thebrightnesstemperatureof thesun,

ø ù
is theFresnelreflectioncoefficient

of theoceansurfacefor polarization
 ô � or � , û ö is thesolarincidenceanglefrom nadir,
û ÿö

is theoff-boresightangleof thesunglint in theantennacoordinateframe,and

� � ö
is

thesolidanglesubtendedby thesun( 
 ú ��������� ü ý Sr).

The radiobrightnessof the sun is approximately6000 K at wavelengthsshorter

than1 cm (or frequenciesgreaterthan30 GHz) andgreaterthan6000K for longerwave-

lengths[38]. For example,thequietsun(i.e., low sunspotactivity) is 
 10,000K near3

cm wavelength(or 10 GHz). TheFresnelreflectioncoefficientsat theoceansurfaceareø � ú û�ü�ô � ��� � � û ��� � � � � � 	 ý û� ��� � � û  � � � � � � 	 ý û (3.13)ø ! ú û�ü�ô � � � û �"� � � � � � 	 ý û� � � û  � � � � � � 	 ý û (3.14)

where � � is the dielectricconstantof seawaterasgiven by [37]. The antennapatternis

approximatedwith aGaussianbeampattern:þíú û ÿ ü�ô # $&%(' �*)+-, û ÿ.�/ ý 0 (3.15)

wheretheparameter. is relatedto the3 dB beamwidth1�2 3 4 by. ý ô65 	 +7 1 ý2 3 4 (3.16)

Thesunglint directionin theantennacoordinateframeisû ÿö ô � � � 8&9 ú � � 	 û � � � � � � � � 	 û ö � � � � ö  � � 	 û � � � 	 � � � � 	 û ö � � 	 � ö  � � � û � � � � û ö ü
(3.17)

where

û � and � � aretheantennaincidenceandazimuthangles,and

û ö
and � ö arethesolar

incidenceandazimuthanglesin theworld coordinateframe.
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Figure 3.28 shows the modeledsun glint for the experimentflown on March 3,

1997(samecaseasfor Figures3.26and3.27). At 1500UTC theP-3wasat 57.5586; N

and51.5670; W andthesolarazimuthandincidenceangleswere169.6; and64.5; , respec-

tively. Thecomputedperturbationsaresimilar to thosethatweremeasuredandplottedin

Figure3.27.Themodel,however, doesunderestimatethesunglint becauseit is assuming

a Fresnelreflectionfrom theoceanratherthanreflectionfrom a roughocean.The rough

oceanwould effectively broadentheantennabeam,thusincreasingthepredictedsunglint

perturbation.Nonetheless,thissimplemodel,coupledwith thesolarazimuthdata,helpsto

validatethehypothesisthatsunglint will perturbthemeasuredbrightnesstemperatureof

theocean.

3.5 Summary

Descriptionsof the PSRhardware, dataprocessing,and LabradorSeaexperimentwere

presentedin this chapter. ThePSRwasthefirst microwave polarimeterto utilize a digital

correlatorfor detectionof thethird Stokesparameter. Theuniquetwo-axisgimbaldesign

facilitatedthefirst multibandpolarimetricimagingobservationsof oceansurfaceemission.

The dataprocessingalgorithms,in particularthe compensationmethodfor aircraft pitch

androll perturbations,werediscussed.Thepitchandroll correctionalgorithmwasdemon-

stratedto reducethecontributionsof attitudevariationsin thePSRimagingfrom <6= >�?
to @A= ? . During theLabradorSeaexperiment,thePSRwasusedto obtainthefirst high-

resolution( B 1 km) multiband,polarimetric,conically-scannedmicrowave imageryof the

oceansurface.After calibration(which is discussedin Chapter4) theimageryrevealedthe

expectedsystematicwind directionsignatureaswell asnaturalgeophysicalvariability in

themicrowaveemissionovertheocean.Thegeophysicalvariability is hypothesizedto arise

from cloud,watervapor, andsurfaceemissionvariations.TheLabradorSeadatawill be

usedin Chapter5 to developanempiricalgeophysicalmodelfunctionfor oceanbrightness

temperatureover the LabradorSea. This modelfunction will be appliedin Chapter6 to
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retrievesurfacewind vectorfieldsfrom imageryobtainedduringtheLabradorSeaMarch7

flight over a polar low. The oceansurfaceimageryobtainedby the PSRduring the five

sortiesflown in March 1997, provide an importantdataset to usefor the technicalde-

velopmentanddemonstrationof oceansurfacewind vectorfield measurementby passive

microwavepolarimetry.
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CHAPTER 4

Calibration

ThePSRin-flight calibrationalgorithmsarediscussedin thischapter. Thecalibrationof the

PSRentailstheestimationandremoval of systematicgainsandoffsetsfrom thedifferent

radiometeroutputs,andis carriedout in-flight usingheatedandambienttemperaturecali-

brationtargets.Thesuccessof usingunpolarizedtargetsto calibratethedigital microwave

polarimeterdependspartially uponthe designof the radiometerantenna,in which polar-

izationpurity is theprimary consideration.Accordingly, ananalysisconsideringantenna

rotationalandpolarizationeffectsis presented,andasetof designprinciples(onwhich the

PSRdesignwasbased)is derivedfrom theanalysis.

The ability to properlyestimatethehardwareconstantsof thedigital correlatoris

alsonecessarysothat thefirst threeStokesparameters,in particularC�D , canbemeasured

without instrumentbias.Total-powerradiometercalibrationfor boththeanaloganddigital

systemsis straightforward.Theradiometeris presentedwith two known temperaturestim-

uli (thehotandambientloads)from whichmeasurementsof thegainandoffsetparameters

arecomputed.The methodis specificallyderived for the digital total-power channelsto

includethelinearizationof thedigital counteroutputsin thecalibrationequations.A novel

calibrationschemefor the third Stokesparameterchannelthat usesthe hot andambient

loadsis described.Becauseof A/D converterthresholdoffsetsandinput correlationbias,

therearenon-zerooffsetsin the correlatoroutput. Theseeffectscanbe compensatedby

usingmeasurementsfrom thetwo unpolarizedcalibrationlooks. A fully polarimetriccal-

ibrationstandardwasutilized to verify theeffectivenessof thetechniqueandtheabsolute



calibrationof theU-channelwasfoundto be E"FHG I K.

Finally, the in-flight calibrationalgorithmsusing the two unpolarizedtargetsare

described.In particular, the total-power radiometercalibrationis augmentedwith a third

calibrationreference,thecold-sky, to correctfor thermalgradientswithin thePSR’s cali-

brationtargets.Post-calibrationbrightnesstemperaturecomparisonswith severalcold-sky

looksrevealanabsolutecalibrationJLKNM O PRQ"I K.

4.1 Antenna

ThePSR’sradiometersusedual-polarizationlens-feedhornantennas.Thedual-polarization

antennacouplesthe incidentpartially polarizedradiationfrom freespaceto two orthogo-

nally polarizedguidedmodesandusesan ortho-modetransducer(OMT) to couplethese

modesinto two signalsports.Theantenna’scross-polarizationdiscrimination(XPD) char-

acteristicsaffect the amountof contaminationin a measurementdueto inclusionof un-

wantedenergy in anorthogonalpolarization.PoorXPD will resultin unacceptableStokes

parametermixing attheradiometeroutputs.Carefulconsideration,therefore,mustbegiven

to XPD specificationswhendesigningtheantennafor apolarimeter. In addition,rotational

misalignmentsdueto antennamountingor uncertaintyin the polarizationalignmentwill

causepolarizationbasisrotationerrors.Beginningwith a basicantennamodel,severalde-

signrules,which maybeusedto specifyantennacharacteristics,arefoundin thissection.

Theantennasystemcanbemodeledasa four port device thatcouplestheincident

horizontally and vertically polarizedelectric fields (denotedSLTU and S TV ) to two output

ports. The fields at the output portsare denotedSXWM and S WO , respectively. Ideally, the

antennaandoutputportswould beperfectlymatchedandhave infinite XPD (i.e., SLTU and
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Figure4.1: Cascadedfour port networksmodelingbothrotationandcross-polarizationef-
fectswithin adual-polarizedantennasystem.Thefirst network, describedby thescattering
matrix Y[Z , actsasa rotationof thepolarizationbasisfrom thenaturalbasis.Thesecond
network,modeledby scatteringmatrix Y�\ , introducesimpedancemismatches,port-to-port
isolation,andcross-polarizationcoupling.]L^_ wouldcoupledirectly to

]X`a and
] `b ). In scatteringmatrixnotationtheidealcaseis:cddddddegff]X`a] `b

h iiiiiijlk
cdddddde fmfonpffmfmfonnpfmfmffonpfmf

h iiiiiij
cdddddde ] ^q] ^_ff
h iiiiiij (4.1)

Unfortunately, antennaalignmenterrors,OMT imperfections,andcross-polarizationmix-

ing in thefeedantennaitself rendertheidealizedassumptioninvalid. To assesstheeffects

of suchdefects,the nonidealitiescanbe decomposedinto two error modes:(1) a polar-

ization basisrotationand(2) a cross-polarizationcoupling. The propertiesof thesetwo

errormodescanbemodeledusingpassive,lossless,andreciprocalfour portnetworks(see

Figure4.1)with scatteringmatricesY[Z (for rotation)and Y�\ (for coupling):
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r[sutpvwwwwwwx
y y{z |�}�~���} � ��~y y�} � ��~�z |�}�~z |�}�~�} � ��~�y y��} � ��~�z |�}&~�y y

� ��������� (4.2)

where
~

is aneffectiveclockwiserotationof theantennaaboutits boresight;and

r���tpvwwwwwwx
����������������������������

� �������u� (4.3)

wherethe four scatteringparametersare definedas follows:
�

is the cross-polarization

couplingcoefficient,
�

is theport-to-portisolationcoefficient,
�

is thereflectioncoefficient,

and
�

is the co-polarizedtransmissioncoefficient. The matrix
r �

containsonly three

independentscatteringparameters,which arerelatedto actualantennameasurements(in

dB) asfollows:��� t ����y�� |���� � �
(returnloss) (4.4)�� L¡ t ����y�� |���� � �
(cross-polarizationdiscrimination) (4.5) L �� t ����y�� |���� � �
(port-to-portisolation) (4.6)

Both of thesedevice modelsare assumedto be reciprocal,passive and lossless.

Theseassumptionsimposetwo mathematicalcriteriaon thescatteringparametermatrices.

First,thescatteringmatrixof areciprocaldeviceis symmetricundertransposition.Accord-

ingly, we seefrom (4.2)and(4.3) that
r�s�t r[s�¢

and
r���t r��R¢

. Thesecondcriterionis

thatthescatteringmatrixbeunitaryfor a passiveandlosslessdevice, thatis:r[s r[s¤£[t �
and

rN� r���£[t � � (4.7)

where ¥ denotesthe conjugatetranspose.It can be readily shown that
r[s

satisfiesthis

condition.For thecross-polarizationcouplingmatrix,however, this requirementlimits the

numberof independentparametersin
r �

. Theseconstraintsareexaminedin Section4.1.2.
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Sincetheantennais usedto coupletheincidentStokesvector(2.1) to theradiome-

ter, any antennaerrorswill perturbthe measurementof the true Stokesvector. The scat-

tering matrices¦[§ and ¦N¨ will be analyzedindependentlyto elucidatethe effectsof the

individualerrormodes.Theresultswill thenbecomposedfor acompleteanalysis.

4.1.1 Rotation error

Rotationalerrorscanarisefromthemisalignmentof theantennawith theplatform,OMT/feedhorn

or feedhorn/reflectormisalignments,or platform attitudemeasurementerrors. Given a

planewave incidentupona misalignedantenna,the fields at the outputportsare deter-

minedby©ªªªªªª« ¬X­®¬ ­¯¬ ­°¬ ­±
² ³³³³³³´�µ
©ªªªªªª«·¶ ¶{¸ ¹�º�»�¼�º ½ ¾�»¶ ¶�º ½ ¾�»�¸ ¹�º�»¸ ¹�º�»�º ½ ¾�»¿¶ ¶¼�º ½ ¾�»�¸ ¹�º&»�¶ ¶

² ³³³³³³´
©ªªªªªª« ¬LÀ®¬ À¯¬ À°¬ À±
² ³³³³³³´lµ
©ªªªªªª« ¶¶¸ ¹�º&»[¬ À®�Á º ½ ¾�»�¬ À¯¸ ¹�º�»�¬ À¯ ¼(º ½ ¾�»�¬ À®

² ³³³³³³´ (4.8)

This equationis theresultof rotatingthepolarizationbasis,andleadsto theStokesvector

rotational transform[8]. Ratherthan measuringthe true Stokes vector, the radiometer

measuresthe antennabrightnessvector Â�Ã&ÄNÅ which is associatedwith the outputfields¬ ­° and ¬ ­± :

Â ÃHÄ�Å µ
©ªªªªªª« Â¤Ã&ÄNÅHÆ ®Â¤Ã&ÄNÅHÆ ¯Â ÃHÄ�Å�Æ ÇÂ Ã&ÄNÅHÆ È

² ³³³³³³´lµÊÉ ±Ë&Ì
©ªªªªªª«ÎÍ Ï ¬ ­° Ï ± ÐÍ Ï ¬ ­± Ï ± ÐÑ

ReÍ ¬ ­° ¬ ­±�Ò ÐÑ
Im Í ¬ ­° ¬ ­± Ò Ð

² ³³³³³³´ (4.9)
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where Ó is thewavelength,Ô is thewave impedance,and Õ is Boltzmann’sconstant.Mak-

ing thesubstitutionsfor ÖX×Ø and ÖX×Ù in termsof ÖLÚÛ and Ö ÚÜ resultsin thefollowing:

Ý�Þ&ßNàuáoÓ ÙÔHâ
ãääääääå æ ç è é�ê&ë ÖLÚÛ-ì ê í î�ë Ö ÚÜ ç Ù ïæ ç è é�ê&ë Ö ÚÜ�ð ê í î�ë ÖLÚÛ ç Ù ïñ

Reæ ò è é�ê&ë ÖLÚÛ ì ê í î�ë Ö ÚÜ[ó ò è é�ê�ë Ö ÚÜ ð ê í î�ë ÖLÚÛ ó ô ïñ
Im æ ò è é�ê&ë ÖLÚÛ�ì ê í î�ë Ö ÚÜ[ó ò è é�ê�ë Ö ÚÜ ð ê í î�ë ÖLÚÛ ó ô ï

õ öööööö÷
áoÓ ÙÔHâ

ãääääääåøè é�ê Ù ëRæ ç ÖLÚÛ ç Ù ï ì ê í î Ù ëRæ ç Ö ÚÜ ç Ù ï ì ê í î ñ ë Reæ ÖLÚÛ Ö ÚÜ ô ïê í î Ù ëRæ ç ÖLÚÛ ç Ù ï ì è é�ê Ù ë�æ ç Ö ÚÜ ç Ù ï ð ê í î ñ ë Reæ ÖLÚÛ Ö ÚÜ ô ïð ê í î ñ ë�æ ç ÖLÚÛ ç Ù ï ì ê í î ñ ë�æ ç Ö ÚÜ ç Ù ï ì ñ è é�ê ñ ë Reæ ÖLÚÛ Ö ÚÜ ô ïñ
Im æ ÖLÚÛ Ö ÚÜ ô ï

õ öööööö÷
(4.10)

Theabove resultcanbedecomposedinto a matrix-vectorproductby separatinga rotation

operator:

Ý�Þ&ßNàuá ù�ú ë[û�ü Ó ÙÔ&Õ
ãääääääåÎæ ç ÖLÚÛ ç Ù ïæ ç Ö ÚÜ ç Ù ïñ

Reæ ÖLÚÛ Ö ÚÜ ô ïñ
Im æ ÖLÚÛ Ö ÚÜ ô ï

õ öööööö÷�ý (4.11)

where

ù�ú ë�û á
ãääääääågè é�ê Ù ëþê í î Ù ë ØÙ ê í î ñ ë ÿê í î Ù ë è é�ê Ù ë ð ØÙ ê í î ñ ë�ÿð ê í î ñ ë�ê í î ñ ë è é�ê ñ ë ÿÿ ÿ ÿ �

õ öööööö÷ � (4.12)

Thematrixoperator
ù�ú ë[û is theStokesvectorrotationaltransform,andtheantennabright-

nessvector
Ý�ÞHß�à

is simplya transformationof theStokesvectorundera rotationof angleë : Ý�Þ&ßNà*á ù�ú ë�û Ý�� � (4.13)
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Severalobservationscanbemadeabouttheerrorsthatoccurfrom antennarotation.

First, the fourth Stokesparameteris invariantunderpolarizationbasisrotation. This is

expectedbecause��� containsinformationaboutthecircularpolarization.To quantitatively

identify theeffectsof mixing amongtheotherStokesparameters,thesensitivity to small

polarizationrotationsaboutthenominal �
	�� is definedas:



 � �������
���� � ��� 	

�������
�
���� ������ ��� � �! "�

# $$$$$$
% K rad&�'(	*)+ , �

�������
�
�-�� �-���� ��� � �! "�

# $$$$$$
% K deg&!' (4.14)

Smallpolarizationmisalignmentswill producemixing between�  (or � � ) and �-� thatare.0/ � �1" . Second,notice that �  and � � do not mix, at leastto / � �2" , for small devia-

tionsabouttheidealalignment.Obviously, themagnitudeof naturallyoccurringpolarized

emissionsgreatlyaffects the amountof Stokesparametermixing causedby polarization

misalignment.For example,with �-�3	 + K and
� �  � � � "2	�45� K, therotationalsensitiv-

ity is �������
�
��6 � �� ��6 � �� � 6 +�

# $$$$$$
% K deg&�' 6 (4.15)

Smallvaluesof thethird Stokesparameterhavea negligible effect on �  and � � ; however,

large polarizationdifferences,suchas seenover the ocean,can greatly affect � � when

rotationalerrorsexist.

4.1.2 Cross-polarizationcoupling

The effects of cross-polarizationcoupling are analyzedin this section,separatelyfrom

antennarotation,usingthe definition of 7�8 from (4.3). It is assumedthat the antennais

101



perfectlymatchedto thereceiversothat 9;:<>= 9 :? =�@�A Theoutputfield amplitudesare:BCCCCCC
D
9 :E9 :F9HG<9 G?

I JJJJJJ
K =

BCCCCCC
D

LNMPORQMPLRQSOOTQTLNMQTONMPL

I JJJJJJ
K

BCCCCCC
D
9 GE9 GF@@

I JJJJJJ
K =

BCCCCCC
D

L 9 GEVU M 9 GFM 9 GE U L 9 GFO 9 GE3U Q 9 GFQ 9 GE3U O 9 GF

I JJJJJJ
K (4.16)

Usingtheresultsfor 9HG< and 9 G? from above,themeasurableantennatemperaturevectoris

O�W�X�Y =[Z F\^]
BCCCCCC
D

_ O _ F ` _ 9 GE _ F a U _ Q _ F ` _ 9 GF _ F a Ucb Red OeQgf ` 9 GE 9 GF f a h_ O _ F ` _ 9 GF _ F a U _ Q _ F ` _ 9 GE _ F a Ucb Red OeQgf ` 9 GE 9 GF f a hb^i _ O _ F U _ Q _ F j Red ` 9 GE 9 GF f a h Ucb Red OeQgf h i ` _ 9 GE _ F a U ` _ 9 GF _ F a jb^i _ O _ F1k _ Q _ F j Im d ` 9 GE 9 GF f a h Ucb Im d OeQ f h i ` _ 9 GE _ F a k ` _ 9 GF _ F a j

I JJJJJJ
K A

(4.17)

If theantennais not rotated,then 9 GE = 9;:l and 9 GF = 9 :m andtheabove antennabright-

nessvectorcanberewrittenby usingtheStokesparameters:

O W^X-Y =
BCCCCCC
D

_ O _ F O l U _ Q _ F O m U Red OeQgf h O�n k Im d O�Q;f h O�o_ O _ F O m U _ Q _ F O l U Red OeQgf h O n U Im d OeQgf h O oi _ O _ F U _ Q _ F j O�n Ucb Red O�Q f h i O l U O m ji _ O _ F k _ Q _ F j O�o Ucb Im d OeQgf h i O l k O m j

I JJJJJJ
K A (4.18)

Theabovecanbeexpressedasatransformationof thetrueStokesvectorto themeasurable

antennatemperaturesat theoutputports:

O W^X-Y =
BCCCCCC
D

_ O _ F _ Q _ F
Red OeQgf h k

Im d OeQgf h_ Q _ F _ O _ F
Red OeQgf h Im d O�Q;f hb Red O�Q;f h b Red O�Q;f h _ O _ F U _ Q _ F @b Im d O�Q;f h k b Im d OeQgf h @ _ O _ F k _ Q _ F

I JJJJJJ
K
O�p

(4.19)

Beforetheeffectsof cross-polarizationcouplingcanbediscussed,theconstraints

on the scatteringparameters
O

and
Q

must be identified. Under the unitary condition,
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q-r q-r�s2t u
, thefollowing relationsarerequired:v wHv x-yzv {3v x-yzv |}v x-yzv u v x t�~

(4.20)we{g�1y>we� {�y�| u �-y�|g� uHt��
(4.21)we| � y>w � |�y u { � y u � { t��
(4.22)w u �1y>w�� u y�|e{;�-y�|g� { t��
(4.23)

Relation(4.20) is simply a statementof conservation of power. The otherthreerelations

constraintherealandimaginarypartsof thefour scatteringparameters.Theseconditions

canbe usedto determinethe behavior of the Stokestransformationin (4.19),which has

four parameters:
v w�v x

,
v {}v x

, Re� w�{ � � , andIm � w�{ � � .
Thecaseof

| tzu3t��
(i.e., theantennaportsareperfectlymatchedandisolated)

is aninformativeone.For thiscase,therelations(4.20-4.23)reducetov wHv x-yzv {3v x t�~
(4.24)we{g�1y>w�� { t��
(4.25)

Upon examinationof (4.25) we seethat Re� w�{ � � t�� , i.e.,
{

and
w

are 90� out of

phase.Furthermore,by conservationof power,
v w�v t�� ~�� v {}v x

. Usingthesubstitutions{ t v {}v � � �
and
w tz�

j
� ~�� v {3v x � � �

thetransformationmatrix in (4.19)canberewritten:�������
�

~�� v {3v x v {}v x ��� v {3v � ~�� v {}v xv {3v x ~�� v {3v x���� v {3v � ~�� v {}v x� � ~ �� v {}v � ~�� v {3v x � v {3v � ~�� v {}v x ��~���� v {}v x

� ������
� (4.26)

Herewe seethat cross-polarizationmixing between
w!�

and
w��

is �}� v {3v x � ; however, the

degreeof mixing betweenthefourth Stokesparameterand
w �

and
w �

is �}� v {3v � . Likewise,

thereis alsoa � w � � w � � couplingof �}� v {}v � into
w� 

. Notice that
w-¡

is immuneto cross-

polarizationeffectsfor this specificcase.

If theassumptionthat
| t�u�t��

is notmade,thentherealpartof theproduct
we{ �

becomesimportant.Thatis, amixing of
w �

,
w �

, and
w�¡

will occur. Thisadditionalrestric-
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tion doesnotchangethemixing between¢!£ , ¢�¤ and ¢�¥ ; however, ¢�¦ is no longerimmune

to cross-polarizationcoupling.In fact,theinter-channelmixing with ¢�¦ is governedby the

magnitudeof Re§ ¢e¨g© ª . Fortuitously, therealpartof ¢�¨;© canbebounded.Fromunitary

relation(4.21),

¢�¨ ©-« ¢ © ¨ «�¬e­^©1«�¬e© ­H®�¯°
Re§ ¢�¨ © ª ®�±�² ¬e­^©1«�¬e© ­^³´

Re§ ¢e¨ © ª ´5µ·¶° ´ ¬g­ © «�¬ © ­ ´µ·¶° ² ´ ¬g­5© ´ « ´ ¬e© ­ ´ ³µ¸´ ¬ ´ ´ ­ ´
(4.27)

Oneonly needspecifythemaximumvaluesof
´ ¬ ´ and

´ ­ ´ to limit themixing of ¢�£ and ¢�¤
into ¢�¦ .

Theimaginarypartof ¢�¨ © (whichdeterminesthemixing of ¢ £ and¢ ¤ into ¢ ¥ ) can

beboundedaswell:

´ ¢ ´ ¹ ´ ¨ ´ ¹�º»´ Im ¢�¨ © ´ ¹ ® ´ ¢ ´ ¹ ´ ¨ ´ ¹ ± ´Re¢e¨ © ´ ¹ (4.28)´ ¢ ´ ¹ ´ ¨ ´ ¹�º»´ Im ¢�¨ © ´ ¹�º»´ ¢ ´ ¹ ´ ¨ ´ ¹ ± ´ ¬ ´ ¹¼´ ­ ´ ¹ (4.29)

where
´ ¢ ´ ¹ ® ¶ ± ´ ¨ ´ ¹ ± ´ ¬ ´ ¹ ± ´ ­ ´ ¹ (by conservationof power). By specifyingthethree

commonantennameasurements,¬g½ , ¾
¿gÀ , and ¿;¿ ­ , the degreeof Stokesparameter

mixing causedby cross-polarizationcouplingcanbecontrolledandknown to within some

bound.

104



4.1.3 Compositionof Á;Â and ÁeÃ
Thetwo scatteringmatricesÄ1Å and Ä�Æ canbecomposedto relatetheoutputfields ÇHÈÉ andÇ ÈÊ to theaperturefields Ç;ËÌ and Ç ËÍ . Thecompositescatteringmatrix is:

Ä-Æ2Å3Î Ï
ÐÐÐÐÐÐÑ
ÒÔÓ Õ¼Ö ×!ØVÙ�Ú(Ö Û Ü�ØHÓ Õ5Ö�ØÝÚ(Ó Õ5Ö ×!Ø3Þ�Ò
Ö Û Ü�Ø;Ó Õ¼Ö!ØÚ(Ó Õ5Ö ×!Ø3Þ�Ò
Ö Û Ü�Ø;Ó Õ¼Ö!ØÝÒ
Ó Õ5Ö ×!ØVÞ�Ú2Ö Û Ü�Ø;Ó Õ¼Ö!ØßVÓ Õ¼Ö!ØVÙ�à>Ö Û Ü�Ø à>Ó Õ5Ö�ØVÞ>ßÔÖ Û Ü�Øà
Ó Õ¼Ö!ØVÙ>ßÔÖ Û Ü�Ø ßÔÓ Õ5Ö�ØVÞ�à>Ö Û Ü�Ø

ßÔÓ Õ5Ö!ØVÙ�à>Ö Û Ü�ØÝà
Ó Õ¼Ö!ØVÙ>ßÔÖ Û Ü�Øà
Ó Õ¼Ö!Ø3Þ>ßÔÖ Û Ü�ØÝßÔÓ Õ5Ö�ØVÞ�à
Ö Û Ü�ØÒ ÚÚ Ò

á ââââââ
ã (4.30)

The orderof the matrix compositionis chosensuchthat the rotationoperatoris applied

beforethe cross-polarizationoperator, which is physically justified becausethe received

fieldsencountertheantennaaperturebeforetheOMT. Assumingthereceiver is perfectly

matchedto theantenna,theoutputfieldsareÏ
ÐÐÐÐÐÐÑ
ÇHÈÌÇ ÈÍÇHÈÉÇ ÈÊ

á ââââââ
ã Î Ä-Æ2Å

Ï
ÐÐÐÐÐÐÑ
Ç;ËÌÇ ËÍää

á ââââââ
ã Î

Ï
ÐÐÐÐÐÐÑ
å Ò
Ó Õ5Ö ×!ØVÙ�Ú(Ö Û Ü�ØHÓ Õ5Ö�Ø2æ Ç;ËÌ Þ å Ú(Ó Õ¼Ö ×!Ø3Þ�Ò
Ö Û Ü�ØHÓ Õ5Ö�Ø2æ Ç ËÍå Ú(Ó Õ5Ö ×!ØVÞ�ÒÔÖ Û Ü�Ø;Ó Õ¼Ö!Ø1æ Ç;ËÌ Þ å Ò
Ó Õ5Ö ×!ØVÞ�Ú2Ö Û Ü�Ø;Ó Õ¼Ö!Ø1æ Ç ËÍå ßVÓ Õ¼Ö!ØÔÙ>à>Ö Û Ü�Ø2æ Ç;ËÌ Þ å à>Ó Õ¼Ö!Ø3Þ>ßÔÖ Û Ü�Ø2æ Ç ËÍå à>Ó Õ5Ö�ØÔÙ
ßÔÖ Û Ü�Ø2æ Ç;ËÌ Þ å ßÔÓ Õ¼Ö!Ø3Þ�à>Ö Û Ü�Ø2æ Ç ËÍ

á ââââââ
ã

(4.31)

Themeasurableantennabrightnessvectorcanbecomputedusingtheresultsfor Ç ÈÉ
andÇ ÈÊ from above;however, it is simplerto cascadethetwo Stokesvectortransformations

(4.12)and(4.19)andachievethesameresult.ThecompositeStokesvectortransformation,

which accountsfor both rotationaland cross-polarizationcoupling error modes,can be
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expressedastheproductof two matrices:çèèèèèè
é

ê ëHê ì ê í3ê ì
Reî ëeígï ðSñ

Im î ëeígï ðê í3ê ì ê ëHê ì
Reî ëeígï ð Im î ë�í;ï ðò

Reî ë�í;ï ð ò
Reî ëeígï ðóê ëHê ì1ôzê í}ê ì õò

Im î ë�í;ï ðöñ ò Im î ë�í;ï ð õ ê ëHê ì2ñzê í}ê ì

÷ øøøøøø
ù�ú

çèèèèèè
é
û ü¼ý ì!þ ý ÿ � ì þ��ì ý ÿ � ò þ õ
ý ÿ � ì þ û ü5ý ì!þ ñ��ì ý ÿ � ò þÝõñ ý ÿ � ò þ ý ÿ � ò þ û ü5ý ò þ õõ õ õ �

÷ øøøøøø
ù (4.32)

Theelementsof this matrixproductdescribethemixing of thefour Stokesparametersdue

to thecompositionof ��� and �	� . Similar to (4.30),theorderof thematrix multiplication

is chosensuchthat the rotationoperatoris appliedbeforethecross-polarizationoperator.

Changingtheorderof multiplication will changetheoutcomeof the following equations

(4.33)-(4.36).This change,however, doesnot changetheconclusionsin Section4.1.4as-

sumingboththepolarizationrotationangle
þ

andpolarizationcross-coupling
í

aresmall.

Eachof thefour Stokesparameterswill bediscussedbriefly.

The measurableantennatemperaturesat the vertical and horizontalpolarization

outputportsare

ë�

�	��� ����� ê ëHê ì û ü¼ý ì þVôzê í}ê ì ý ÿ � ì þVñ Reî ëeí ï ð ý ÿ � ò þ	��ë��2ô� ê ë�ê ì ý ÿ � ì þ3ôzê í3ê ì û ü5ý ì þ3ô Reî ë�í ï ð ý ÿ � ò þ � ë���ô� �ò � ê ëHê ì ñzê í3ê ì � ý ÿ � ò þ3ô Reî ë�í ï ð û ü5ý ò þ	�(ë	��ñ Im î ëeí ï ð ë�� (4.33)

ë 

�	��� � ��� ê ëHê ì ý ÿ � ì þ3ôzê í3ê ì û ü¼ý ì þVñ Reî ëeí ï ð ý ÿ � ò þ	��ë � ô� ê ë�ê ì û ü¼ý ì þVôzê í}ê ì ý ÿ � ì þ3ô Reî ë�í ï ð ý ÿ � ò þ���ë � ô� ñ �ò � ê ë�ê ì ñzê í3ê ì � ý ÿ � ò þ3ô Reî ëeí ï ð û ü¼ý ò þ � ë���ô Im î ëeí ï ð ë�� (4.34)
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In theseequationstherearethreemodesof Stokesparametermixing. Thefirst modeis mix-

ing betweentheverticalandhorizontalchannels.Thecontributionof ��� to ���
 	!�" # , or vice-

versa,is $ % �&% ')( * + '-,/. % 0�% '-1 2�( ' ,/3 Re4 ��065 7�( * +�8 ,	9	: The first component% �&% '-( * + '-,
is primarily dueto polarizationrotationandthe secondterm % 0;% ' 1 2<( ' , is dueto cross-

polarizationcoupling.Thethird component3 Re4 �=0 5 7�( * +�8 , is theproductof bothrota-

tion andpolarizationcouplingeffects. Thesecondmixing mode,theadditionof the third

Stokesparameter��> to � �
 	!�" # and � �
 	!�" � , hastwo components.Thefirst componentis3;?'A@ % �&% '�B % 0;% ' C ( * +�8 , andis duemainly to the rotationerror mode;the secondterm is

Re4 �=0 5 7	1 2<(-8 , andis causedmostlyby cross-polarizationcouplingwithin theantenna.

Thefinal errormodeis fourth Stokesparametermixing into � �) �!
" # and � �) �!
" � . Because��D is invariantunderpolarizationbasisrotation,this mixing E Im 4 ��0 5 7 is solely dueto

cross-polarizationcontamination.

The measurablein-phasecorrelationantennatemperature���) �!
" > observed at the

outputportsis���
 	!�" >;F 8 Re4 ��0 5 7 @ ��# . ��� C	BG % �&% ' . % 0�% ' H ( * +�8 , @ ��# B ��� C . G % �I% ' . % 0;% ' H 1 2<(�8 , � > (4.35)

Thereare two modesof brightnesstemperaturemixing that occur here. First, the sum@ �-# . ��� C is addedto ���) �!
" > with a scalingfactorof Re4 ��0 5 7 . (Note,thatif theantenna

is perfectlymatchedandits portsareisolated,thenRe4 �=0 5 7 FKJ .) This mixing is solely

dueto cross-polarizationcoupling.Second,thepolarizationdifference@ � # B � � C is mixed

in with a coefficient of B @ % �&% ' . % 0;% ' C ( * +=8 , . This contamination,on the otherhand,is

predominantlyaneffect of therotationalerrormodeandcanberemovedusingelectronic

polarizationbasisrotation [20]. It is notablethat the fourth Stokes parameterdoesnot

appearin thein-phasecorrelationbrightnesstemperature.As seenin thenext section,this

is not truefor theoppositecase.

Thequadrature-phasecorrelationantennatemperature� �) �!
" D measuredat theout-
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putportsisL�M
N	O�P QSRUT
Im V L�W6X Y[Z \ ]<^ _-`/ab^ c d)_-`	eAf L�gAahL�i j�kT

Im V L�W X Y�^ c dlT<`�L	mIk Z n L n _ a n W n _ e L Q (4.36)

Thepolarizationdifferencecontribution hasa coefficient of
T
Im V L=W X Y Z \ ]�^ _ `/ab^ c d _ ` e .

It is clearthatcross-polarizationcouplingis principally responsiblefor
f L-g�abL�i j

mixing

into
L�M
N	O�P Q

. The other error componentis the in-phasecorrelationbrightness
L m

with

a magnitudeof
T
Im V L�W X Y�^ c dlT<` . The introductionof

L	m
into

L M
N	O�P Q
is interestingbe-

causeit requiresthecombinationof boththerotationalandcross-polarizationcouplinger-

ror modes.Eachof thesemodesactingindividually doesnotcausethird andfourthStokes

parametermixing. If either
W

or
`

becomeszero,thenthecontributionvanishes.

4.1.4 DesignImplications

Theaboverelationscanbeusedto computetheantennaspecificationssufficient for remote

sensingof observed brightnesstemperaturesfrom a given sceneclass. Four parameters

shouldbe specified:return loss,cross-polarizationdiscrimination,port-to-portisolation,

andantennarotationerror. Known antennarotationsdue to platform attitudevariations

canbecompensatedusingapolarizationbasistransformationof themeasuredStokesvec-

tor [20]. Theunknownantennarotatioǹ
	o

is assumedto besmallenoughthatthefollowing

smallangleapproximationscanbeused:\ ]�^�T ` oAprq ^ c d�T ` olp T<` o\ ]�^ _-` oAprq ^ c d)_-` olpts
Usingtheseapproximationsthemeasuredantennatemperatures(4.33)-(4.36)areL M
N	O�P g R Z n L n _ a

ReV L�W X Y<T<`	o e L g k Z n W n _ k ReV L�W X Y<T<`	o e L i ku qT Z n L n _ a n W n _ e T `	o�k ReV L=W X Y vAL	m&a Im V L=W X Y L Q (4.37)
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w�x
y	z�{ |=}�~ � ��� ���
Re� w=�[� �<� �	� ��w-�A�r~ � wI� �	� Re� w��6� �<�<�	� ��w�|A�� �;�� ~ � wI� ���t� �;� � ���<�	��� Re� w=�[� � �lw��&� Im � w=�[� � w�� (4.38)w�x
y	z�{ �;}U�

Re� w��6� �
� w����hw�| �	�r~ � wI� ���U� ��� � ��� �	� � w-�l�hw�|<���r~ � wI� �	�U� �;� � ��w	�
(4.39)w x
y	z�{ � }U�

Im � w�� � �
� w � �hw | ����� Im � w�� � �<�<� � w � � ~ � w&� � �U� ��� � � w � (4.40)

Onerequirementarisesfrom mixing of
w��

and
w�|

, andthreefrom possiblecontamination

of
w��

and
w��

: ~ � �;� �	�
Re� w=� � �<� � � � w��&��� from (4.37)and(4.38) (4.41)� �<�	� � w-�l��w�| � �
���

from (4.39) (4.42)� �
Re� w�� � �
� w����hw�| � �
��� from (4.39) (4.43)� �
Im � w=� � �
� w � ��w | � �
��� from (4.40) (4.44)

Thechoiceof
�

is up to thedesigner;however, theuseof � w��
�[� for
�

will ensurethatany

systematicerrorwill besmallerthanrandomerrors.

Typical valuesof
w �

and
w |

over the ocean,with 10 ms�-� winds, and clear air

at 53.1  from nadirhave beencomputedusingthe microwave radiative transfermodelof

Gasiewski andStaelin[23]. At 18.7GHz,
w-�l�bw�|I¡£¢<¤�¥

K and
w����bw�|&¡r¦�¥

K. Using

thesevaluesand
�6}t¤
§ � K, theconstraintsare:� ��� � �t¨�§ ¢=© � ¤ ��ª (4.45)� �	�<�
�t«�§ ¬=© � ¤ ��ª (4.46)�

Re� w�� � �)�
� � § ¦=© � ¤ ��ª (4.47)�
Im � w�� � �)�
�t«�§ ¬=© � ¤ ��ª (4.48)

Theseconstraintscanbeusedto determineantennadesignspecifications.Theconstraint

(4.45) limits the cross-polarizationmixing betweenthe first two Stokesparameters.The

following XPD specificationwill ensurelessthan0.1K mixing between
w �

and
w |

:­�®[¯�°±¢
��§ «
dB (4.49)
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This specificationis typically attainableusingprecisionsymmetricmicrowave antennas.

Accordingto constraint(4.46),rotationalerrorsshouldbeknown to within ² 0.05³ in order

thatcontributionsof thepolarizationdifferencé�µA¶h´�· bekeptto lessthan0.1K.

Themagnitudeof ¸Re¹ ´�º6» ¼)¸ is constrainedby (4.47).Accordingto (4.27), ¸Re¹ ´�º6» ¼)¸
is boundedby ¸ ½�¸ ¸ ¾�¸ . The following specificationcanbe madeaboutthe returnlossand

port-to-portisolation: ½=¿�ÀbÁ[Á6¾IÂtÃ�Ä�Å Æ dB (4.50)

This requirementcanbe met, for example,with 23 dB returnloss(VSWR=1.15)and53

dB port-to-port isolation. The isolation specificationis attainableat lower frequencies;

however, at 96 GHzanisolationof 30-40dB is state-of-the-art[9].

Meetingthesethreeconstraints(4.45-4.47)is necessaryfor accuratelymeasuring

the first threeStokesparameters.To measurethe fourth Stokesparameter, however, the

remainingconstraint(4.48)shouldbemetbecauseuseof the lessrestrictive XPD specifi-

cation(4.49)only limits mixing of thepolarizationdifferenceinto ´�Ç by a factorof 0.058.

For thegiven68 K difference,thecontaminationwould be3.9K. Thus,a morerestrictive

specificationon XPD is requiredto accuratelymeasurethe fourth Stokesparameter. The

new cross-polarizationspecificationis foundby combining(4.29)and(4.48)with the23

dB returnlossand53dB isolationspecificationssuggestedabove:È Á[É�Â±Ê
Ë�Å Ì dB (4.51)

This XPD requirementis not likely attainableandsuggeststhatmeasurementof ´�Ç using

a linearlypolarizedantennaanddirectpolarizationcorrelationis notoptimal.

4.2 Digital RadiometerCalibration

Calibrationof adigital polarimeterentailstheperiodicidentificationof slowly timevarying

systemhardwareconstants.For the total-power channels,theseconstantsarethe system

gain andoffset. For the polarizationcorrelatingchannel,two new parametershave been

110



introduced:the threshold-offsetproduct(2.36) in Section2.3.1.1andthecorrelationbias

(2.49) in Section2.3.2. As will be shown, thesenew parameterscanbe estimatedusing

thesimplehot andcold looksof unpolarizedblackbodystandardsasduringconventional

total-powerchannelcalibration.

4.2.1 Total-Power RadiometerCalibration

From(2.15),theoutputof a total-powerchannelis relatedto theantennatemperatureesti-

mateby: Í ÎlÏ)Ð=Ñ�Ò�ÓUÔÕ Ö×ØIÙ�Ú Ï ÖAÛ±Ü ×IÝ ÔÞ�ß
à	á�â ×=ã Þ�ä)å-æ
â ×�ç (4.52)

wheretheleft handsideis thelinearizeddigital variance,and

Ü ×
is theradiometersystem

gain.Thereceiver temperature
Þ�ä
å-æ)â ×

is thesystemoffset.

Thegainandoffsetcanbeestimatedby presentingtheradiometerwith two known

antennatemperaturesof differingvalues.Thedigital variancemeasurementscorresponding

to thecalibrationhotandcold antennatemperatures,denoted
Þ=è é êæ)ß)ë

and
Þ�ì é í îæ-ß
ë

, are:ï Î Ï)Ð=ð ÒlÓ�ÔÕ Ö× è é êØòñ[ó
Ï Ö Û ÔÜ ×IÝ Þ è é êæ)ß)ë ã ÔÞ ä)å-æ
â ×�ç

(4.53)ï Î Ï-Ð=ð ÒlÓ Ô Õ Ö× ì é í îØ ñ[ó
Ï Ö Û ÔÜ ×IÝ Þ ì é í îæ)ß)ë ã ÔÞ ä)å-æ
â ×�ç

(4.54)

Thissystemis simpleto solve for

ÔÜ ×
and

ÔÞ�ä
å-æ)â ×
:ÔÜ × Ûõô Î Ï-Ð Ý ÒlÓ�ö÷ øù)ú û üÖ ç-ý Ï Ö Ó ô Î Ï)Ð Ý ÒlÓþö÷ øù)ÿ û � �Ö ç�ý Ï ÖÞ è é êæ-ß
ë Ó Þ ì é í îæ)ß)ë (4.55)ÔÞ�ä)å-æ
â × Û Þ è é êæ)ß)ë ô Î Ï)Ð Ý Ò�Ó ö÷ øù ÿ û � �Ö ç�ý Ï Ö Ó Þ ì é í îæ)ß)ë ô Î Ï)Ð Ý Ò�Ó ö÷ øù ú û üÖ ç�ý Ï Öô Î Ï)Ð Ý Ò�Ó ö÷ øù ú û üÖ ç�ý Ï Ö Ó ô Î Ï)Ð Ý Ò�Ó ö ÷ øù ÿ û � �Ö ç�ý Ï Ö

(4.56)

With thetwo systemparametersproperlyidentified,theestimatedantennatemperatureas

measuredby thetotal-power radiometerisÔÞ�ß
à	á�â × Û ÒÔÜ × Í ÎlÏ)Ð Ñ Ò�ÓUÔÕ Ö×Ø Ù�Ú Ï Ö Ó ÔÞ�ä
å-æ)â × (4.57)
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4.2.2 Corr elator Calibration

Estimationof the digital correlatorthreshold-offset product (2.36) and correlationbias

(2.49)systemconstantscanbeachievedusingthehot andcold calibrationlooksrequired

for the total-power radiometercalibration. The expectedvalue of the correlatoroutput

givenanunpolarizedbrightnessfield at theantennainput is� � � � � �	��

��� 
 ����� � � � 
�� � � � �
 � � � � �
 (4.58)

where � 
 ������ � � �	� � �"! #%$��& �('� � �('� ) * (4.59)

and � � , � � , and � � aregivenby (2.21).Thefifth-orderterm � � � �
 canbeignoredif � 
�+�, - $ ,
which is usuallythecase.

Thetwo calibrationtargetsprovide unpolarizedemissionat two differentradiation

intensities.Looking at both targetsin sequenceprovidesthe digital correlationmeasure-

ments. � / 0 1� � and .�(2 0 3 4� � for thehotandcoldlooks,respectively. Usingthesetwo measurements

thefollowing systemof equationscanbeformed:. � / 0 1� � �5� / 0 1
 .����� � / 0 1� .� 
6� � / 0 1� .� �
 (4.60). � 2 0 3 4� � �5� 2 0 3 4
 .� � � � 2 0 3 4� .� 
 � � 2 0 3 4� .� �
 (4.61)

Thecoefficients � / 0 17 and � 2 0 3 47 arecomputedby usingtherelative thresholdvalues� / 0 18 and� 2 0 3 48 , respectively. Usingonly a third-orderexpansionin � 
 allows theabove systemto be

solvedanalyticallysuchthattheestimateof thethreshold-offsetproductcanbefoundby.� � � .� 2 0 3 4� � # � 2 0 3 4� .� 
 # � 2 0 3 4� .� �
� 2 0 3 4
 (4.62)

andanestimateof thecorrelationbiasis a rootof thefollowing cubic:9 # . � / 0 1� � � � / 0 1
� 2 0 3 4
 .� 2 0 3 4� �": � 9 � / 0 1� # � / 0 1
� 2 0 3 4
 � 2 0 3 4�;: .� 
 � 9 � / 0 1� # � / 0 1
� 2 0 3 4
 � 2 0 3 4�<: .� �
 � ,
(4.63)
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Thesolutionof a cubicequationis given in [1, (3.8.2)]. For this particularcubic thereis

typically onereal root anda pair of complex conjugateroots. Thereal root is thedesired

solutionfor =>	? andis givenby:=>	?
@BA C
DFE G(H�DIC(J K�LM N LO A CQPRE G(H�DIC(J K�LM N LO (4.64)

whereG and C aredefinedas GS@UTVXW Y Z [ \] P_^ ` a bc^ d a e fc Y ^ [ g h]jiW Y Z [ \H P_^ ` a bc^ d a e fc Y ^ [ g hH i (4.65)

Ck@ TlmW = C Z [ \n o P_^ ` a bc^ d a e fc =C ^ [ g hn o iW Y Z [ \H P_^ ` a bc^ d a e fc Y ^ [ g hH i (4.66)

Caremustbetakenin choosingtheproperbranchof thecuberoots;otherwisethesolution

is straightforward.

Once=prq and => ? havebeendetermined,thecorrelationcoefficient estimate=> canbe

computedasfollows:=>s@ut TY ] W =C n o P =C n o v w x ? i P Y HY y ] W =C n o P =C n o v w x ? i H DUz V Y JHY { ] P Y |Y } ](~ W = C n o P =C n o v w x ? i | � P => ?
(4.67)

wheretheestimateddigital correlationbiasis computedasin (2.34):= C n o v w x ? @ =p�q6� lp
� n � o � � � t P Tl E � Jn D � Jo K � (4.68)

Thereare two requiredcalibrationoffsets. The first is the correlationbias �> ? , which is

causedby correlatedLO thermalnoise.Thesecondis thedigital correlationoffset C n o v w x ? ,
which is causedby thresholdlevel asymmetryandis appliedto thedigital correlatoroutput

prior to conversioninto the continuouscorrelationcoefficient. An estimateof the third

Stokesparametercansubsequentlybecomputedusing(2.5):=��� @ l =>�� =��� � � � � =� Z � � � � (4.69)
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Table4.1: Correlatorhardwareconstantsandresidual ���� offsets.

Band Date Time ��	� ���� � ��� � �� � ��� � � ��������  
UTC (K) (K) (K)

3/1/97 1757 -0.17 -0.048 -0.077 -0.11 0.65
X 3/4/97 2027 -0.20 0.020 -0.55 0.22 0.33

3/7/97 2132 -0.20 0.032 0.017 0.080 0.28
3/1/97 1757 0.053 -0.13 0.32 0.63 0.44

Ka¡ 3/4/97 2027 0.028 -0.060 0.35 -2.8 1.1
3/7/97 2132 0.012 -0.016 -0.36 0.18 0.78
3/1/97 1757 -0.20 0.032 0.21 -0.044 0.23

Ka¢ 3/4/97 2027 0.012 -0.016 -0.36 -1.7 0.67
3/7/97 2132 0.19 -0.006 0.069 0.19 0.54

The PSRoperationalcalibrationalgorithmsutilized the precedingtechniquefor

the LabradorSeaexperiment. Table4.1 lists several estimatesof �	� and ��� madeusing

unpolarizedcalibrationlooksacquiredduringflightsonMarch1, 4 and7. Several ���� mea-

surementsof theunpolarizedcalibrationloadsarealsolisted. Thevaluesof ��	� aresimilar

to thosepredictedin Section2.3.2for radiometerswith significantLO noise. As seenin

Table4.1, thebiasin
���

is typically within £¥¤Q¦�§ ¨ K with theexceptionof theKa chan-

nelsonMarch4. As evidencedby thestandarddeviation,theKa channelswereparticularly

noisy at that time. Otherwise,thesedataverify the effectivenessof the calibrationusing

two unpolarizedlooks.

4.2.3 Verification of Polarimetric Calibration

A fully polarimetriccalibrationusinga polarizedtarget similar to that describedin [20]

was performedto determinethe effectivenessof the unpolarizedcalibrationmethodfor

the
���

channel. The calibration target comprisedan ambientload, a cold load, and a

polarizing grid. The absorbermaterialwas carbon-impregnatedurethanefoam (similar

to Eccosorb© brand). The cold load was constructedby immersinga 56 cm ª 56 cm

squareof theconvolutedabsorberin liquid nitrogen.Theliquid nitrogenbathcoveredthe
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absorbertips by at least0.5 cm to ensuretemperatureuniformity. The ambientload was

shroudedby astyrofoamjacket. Thetemperaturedifferencewas«�¬ ­ ®	¯X«�° ­ ± ²
³R´ µ ¶ K. The

polarizedtargetwasmountedto a turntablethatprovidedrotationaboutthefeedhornaxis.

The rotationalpositionwasmeasuredusinganopticalencoderwith 0.25· precision.The

resultingpolarizedfield thatwaspresentedto theradiometeris givenby:¸¹¹¹º «r»« ¬«�¼
½ ¾¾¾¿�À

¸¹¹¹ºÂÁ Ã	Ä ÅrÆÇÄ È É Å ÆÄ È É Å ÆÇÁ Ã	Ä ÅrÆ¯ Ä È É ´ ÆÊÄ È É ´ Æ
½ ¾¾¾¿ ¸º	Ë(Ì «�¬ ­ ®rÍ5Î µ�¯ Ë(Ì Ï «�° ­ ± ²Ð Ñ « ° ­ ± ² Í5Î µ
¯ Ð Ñ Ï « ¬ ­ ® ½¿ (4.70)

where Æ is theangularpositionof thecalibrationtarget. Thecoefficients

Ë(Ì
and

Ð Ñ
arethe

parallel-polarizedreflectionand perpendicular-polarizedtransmissioncoefficients of the

polarizinggrid.

The estimatedthird Stokesparameter, asgiven in Section4.2.2,canbe relatedto

theincidentpolarizedfield (4.70)by therelevantportionof (2.7):Ò«�¼ À ´ Ó ÒÔ Õ Ö «�× Ø × Ù » «�× Ø × Ù ¬ À�Ú ¼ » « » Í Ú ¼ ¬ « ¬ Í Ú ¼�¼�«�¼mÍIÛ(¼ (4.71)

wherethe gains Ú ¼r¼�Ü Ú ¼ » Ü and Ú ¼ ¬ andoffset Û	¼ areunidentifiedsystemparametersthat

might have beenleft uncompensatedby thetwo-looknon-polarizedcalibrationprocedure.

Ideally Ú ¼�¼ À µ and Ú ¼ » À�Ú ¼ ¬ À Û ¼ À ¶ . Comparisonof measurementsof
Ò« ¼ (as

providedby thecalibrationstandard)with theexpectedpolarizedemission« » , « ¬ , and «�¼
makespossiblethe determinationof the level of any Stokesparametermixing, residual

correlationoffset,andcorrelationcoefficientattenuation.

Brightnessvectormeasurementsat several valuesof Æ andoneunpolarizedlook

allowsasystemof equationsto beformed,whichcanbesolvedfor thegainsandoffset:¸¹¹¹¹¹¹¹¹¹º
Ò«�¼6Î Æ6Ý ÏÒ« ¼ Î Æ Å Ï

...Ò«�¼6Î Æ�Þ ÏÒ« ¼ Î ßQà Ï
½ ¾¾¾¾¾¾¾¾¾¿ À á ¼

¸¹¹¹¹¹¹º Ú ¼ »Ú ¼ ¬Ú ¼�¼Û	¼
½ ¾¾¾¾¾¾¿ Í â (4.72)

115



where ãsä is the observation matrix and å is the randomnoiseof the measurement.The

observationmatrix is constructedasfollows:

ã äÂæ
çèèèèèèèèèé
ê�ë(ì í6î ï;ê�ð	ì í6î ï;ê ä ì í6î ïjñê�ë(ì í�ò ï;ê�ð	ì í�ò ï;ê ä ì í�ò ïjñ

...
...

...
...ê�ë(ì í�ó ï_ê�ð	ì í�ó ï_ê ä ì í�ó ïuñê�ô õ6ö÷ê�ô õ6öùøúñ
û üüüüüüüüüý (4.73)

wherethebrightnesstemperatures
ê ë

,
ê ð

and
ê ä aredeterminedby (4.70)and

ê ô õ6ö
is the

brightnesstemperatureof the unpolarizedlook. The measurementvectorwasgenerated

by the following procedure.Initially, the radiometerantennawasalignedwith the polar-

ized target suchthat the incidentStokesfield was
ê ë æ ê î

,
ê ð æ ê ò

and
ê ä æ ø

. The

measurementsweretaken while rotatingthe target over an angularrangeof þ 420ÿ . An

additionalpieceof absorberatambienttemperaturewasusedfor theunpolarizedlook. Six

hundredradiometersampleswererecordedandaveragedinto two degreebins,resultingin

180points(for a full 360ÿ rotation)with þ 28msintegrationtimeperpoint ( � ê��������5ø�	 

K). Usingthecalibrationconstantsfoundfrom thetwo-look unpolarizedmethod,theout-

putof thedigital correlatorwasconvertedinto calibratedvaluesof
�ê ä ì í
� ï ( � æ ñ�	 	 	 å ) for

thedifferentanglesand
�ê ä ì ���Sï for theunpolarizedlook. Themeasurementvectorandthe

columnsof theobservationmatrix areplottedin Figure4.2. By visual inspection,
ê ë

andê�ð
mixing into

�ê ä appearsto benonexistent,but thecorrelatoroutputis attenuatedþ 75%

comparedto
ê ä .

Giventhemeasurementvectorandtheobservationmatrix, thegainsandoffsetcan

bepreciselyfoundusingthepseudo-inverse[57]:çèèèèèèé �� ä ë�� ä ð�� ärä�� ä
û üüüüüüý æ � ã ä�� ã ä���� î ã ä��

çèèèèèèèèèé
�ê ä ì í æ ñ ÿ ï�ê ä ì í æ�� ÿ ï

...�ê ä ì í æ������ ÿ ï�ê ä ì ���Sï
û üüüüüüüüüý (4.74)
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Figure 4.2: Plot of 37.0 GHz polarizedtarget measurements� 
!#" $#% (heavy dottedline)
andtheobservationmatrix. Thecolumnsof theobservationmatrix areplottedasfollows: �&�" $#%

(dash-dot),
 
'�" $�%

(dotted),and
 ! " $#%

(solid).
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For the37.0GHzpolarimeter, thefollowing parameterswerecomputed:())))))* +,.-�/+, -.0+,�-�-+1�-

2 333333465
())))))* 7�8 9.7;:<7 9.=.>? 8 @ ? :<7 9.=�A9�8 B�C ?D 9�8 ?�?�?

2 3333334 (4.75)

First notablearethesmall ( E 0.1%) F / and F 0 cross-polarizationgainterms.As predicted

by (4.39),minimizingReG F�HJI K prohibitedsubstantialcontaminationfrom F / andF 0 . Sec-

ond, the correlatoroutputis seento be attenuatedby +,.-�- 5 9�8 B�C ? , which is mostlikely

dueto samplerhysteresis,timing skew, andpossiblythresholdasymmetryeffects. Subse-

quentpolarimetriccalibrationexperimentshave shown that this attenuationdoesnot vary

by morethanafew percentoverseveralmonths,allowing acorrelatorgaincoefficient to be

includedin theaircraftdataprocessingroutines.Finally, theoffset 1�- 5 9�8 ?�?�? K is similar

to the valueslisted in Table4.1. Offsetsof this sizecorrespondto correlationcoefficient

offsets L 7 9�=.A , whicharecloseto thedesigngoalssetforth in Chapter2.

4.3 In-Flight Calibration

In-flight calibrationis carriedoutusingthehotandambienttemperatureunpolarizedtargets

integral to the PSRvertical supportstructure.The calibrationloadsarerecessedinto the

verticalsupportstructureso that the radiometerscanbepointedupwardsat 45M andview

eitherthehot or ambientload. Figure4.3 shows a CAD modelillustratingthepositionof

thecalibrationloadswith respectto thescanhead.Thephotographin Figure4.4wastaken

lookingupfrom below thering bearingat thecalibrationloadswith thescanheadremoved.

Eachcalibrationload is constructedout of 45 mm (1.75 inch) convolutedfoam absorber

(similar to theEccosorbN brand)with aluminumbackplates(seeFigure4.5(a)). Thealu-

minum frameandabsorbingmaterialareboth shroudedin 13 mm (0.5 inch) styrofoam

board. The hot load is heatedto L 65M C by heaterstripsthat aregluedto the aluminum

backplates.Both calibration loadshave eight resistive temperaturedetectors(RTD) at-
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Figure4.3: Three-dimensionalCAD modelof thecalibrationtargetsandthescanhead.The
verticalsupportstructurewasnot renderedfor clarity.
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Figure4.4: The PSRcalibrationloadsandelevation motor viewed from below the ring
bearingwith thescanheadnot installed.
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(c) finite difference grid
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Figure4.5: PSRcalibrationtargets: (a) cross-sectionof PSRcalibrationload,(b) steady-
statetemperatureprofile for thesteady-statemodel,(c) finite-differencegrid for the tran-
sientthermalmodel.
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tachedto the aluminumbackplates.The RTDs areconnectedin three-wireconfiguration

to a temperaturemeasurementsystemcalledtheTempscanunit from OmegaEngineering.

TheTempscanis mountedto thetopof theverticalsupportstructureto keeptheRTD wire

lengthsasshortaspossible.TheTempscanacquirestemperaturedataevery15secondsand

transmitsthedatato thesecondarycabinPCover anRS-232serialdatalink. Thesedata

arestoredon theharddrive for laterusageby theradiometercalibrationalgorithms.

Becauseof time andcostconstraints,theabsorbermaterialusedhada low thermal

conductivity, which causeda longitudinal temperaturegradientto extend from the alu-

minum backplatethroughthe absorberto the foam shroud.A third calibrationpoint, the

coldsky, is usedto characterizethecalibrationloadssoanaccurateestimateof theemission

temperaturescanbemade.TheemissiontemperaturesO
P Q of theloadscanbemodeledby:O
P Q6RTS6UVTWYX Z�[ O X Z�[ \�Z (4.76)

where WYX Z�[ is theweightingfunctionand O X Z
[ is thetemperatureprofile. Theweighting

functionis assumedto besimply

WYX Z�[ R�] X Z�^<Z V [ (4.77)

suchthat the emissiontemperatureis O�P Q_RYO X Z V [ . A steady-statethermalmodelis de-

scribedhereandusedto find valuesof Z V for eachof thePSR’s frequency bands.With the

calibrationloadscharacterizedin steady-state,afinite differencemodelis usedto calculate

theunsteady-statetemperatureresponsewithin thecalibrationloadduringaircraftsorties.

The backplateand ambienttemperaturedataare usedas forced boundaryconditionsto

drive thetemperaturewithin theabsorber. Thetime domaincalculationsof temperatureat

positionsZ V canthenbeusedto calibratethetotal-powerradiometers.

4.3.1 Steady-StateModel

Thecalibrationloadmaterialandthestyrofoamarebothurethanefoamsandareassumed

to have similar thermalproperties(seeTable4.2). Usingthis assumption,thesteady-state
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Table4.2: Thermalpropertiesof urethanefoam.

Symbol Value Description` 30 kgma�b densityc
0.024W ma�d�e Ca�d thermalconductivityf 1000Jkga�d�e Ca�d heatcapacity

temperatureprofile throughthe load hasa constantgradient(seeFigure4.5). At the sty-

rofoam/airinterface,however, the temperatureprofile is no longerlinear becauseof con-

vection. This transitioncanbe modeledby a discontinuity. Thesteady-statetemperature

profile is gih j�k�lnmop oq g
r�sutvjxwiy6jzy|{g
} j�~|{ (4.78)

where
g r

is thebackplatetemperatureand
g }

is theambientair temperature.Theslope
t

or gradientof thetemperatureprofiledependsupontheheatflow at
j�l�{

. Thetemperature

at
j�lT{

is commonlycalledthewall temperature
g���l�g
rvs6tv{

. FromFourier’s law of

heatconductionandNewton’s law of cooling,thesteady-stateheatflow equationat
j�l�{

is � c t�lT�
h g�� � g�};k
(4.79)

Thecoefficient of heattransfer
�

dueto convectionis difficult to modelbecausethemajor

influencingfactoris theairflow at theinterface.Thecalibrationloadsarerecessedinto the

aircraft,andtheeffectuponthesurroundingair from thepassingslipstreamat thescanhead

and ring bearingis unknown. A methodis developedherewherebythe parameter
�

is

identifiedin flight usingthecold sky looksin additionto thehot andambienttargetlooks.

Theemissiontemperaturecanbeparameterizedandevaluatedusing
g r

and
g }

by:g
� �6l|��g r s�h � � �
k g }
(4.80)
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wheretheparameter� is relatedto thetemperaturegradient:����������
�v�<�
�_�|� (4.81)

In this formulation,othereffectssuchascalibrationtargetreflectivity andbeamspill-over

areinherentlyincludedthroughtheparameter� . Since � , � , and � arerelatedby (4.79)

and(4.81),theparameter� will bedeterminedby usingthesky looksandthenusedto find� .
DuringtheLabradorSeaexperiment,severalsky lookswereexecuted.To point the

radiometersat thesky, thescannerwaspositionedlookingto starboardata60� nadirangle.

The P-3 then commencedthreesuccessive 60� left rolls at � 6.1 km (20,000’) altitude,

which pointedthe antennas30� above the horizon. The sky temperaturewascalculated

usingatmosphericprofilesmeasuredby fiveradiosondesthatwerelaunchedfromtheKnorr

from March1 through9. Theradiosondeprofilesterminatedat � 100mb,sostatisticaldata

wereusedto augmentto profilesto 5 mb. Using the microwave radiative transfermodel

of Gasiewski andStaelin[23], thesky temperaturewascomputedfor theelevationangles

andaltitudesof thePSRduringthe60� rolls. Thevaluesof
�
� � �

rangedfrom � 4 to 8 K at

30� above thehorizonfor X- throughKa-bands.During a single60� roll therewere � 500

radiometersamplesrecordedat 20� - 30� elevation.

Takingthehot,ambient,andsky lookstogether, anobjectivefunctioncanbeformed

whoseminimizer is � for eachfrequency band. Whenlooking at the sky, the radiometer

detectorvoltage� � is relatedto themeasuredbrightnesstemperatureby�� � � � �|�.���#�u� (4.82)

where� and � arethesystemgainandoffset.Usingthehot andambientcalibrationloads,

thegainandoffsetare ��� �� ¡�<��¢�  ¡� � ¢ and �J� �   ��¢£� � ¢ �� �  
� � ¢ (4.83)

The temperatures
�� 

and
��¢

aretheemissiontemperaturesof thehot andcold calibration
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Table4.3: Valuesof ¤�¥ and ¦ for threePSRradiometerbands.

Band X K Ka¤ ¥ 31.6mm 30.6mm 33.1mm¦ 0.6632 0.6739 0.6470§�¨ 0.0156 0.0190 0.0303©;ª
« ¬ ­
2.4K 2.8K 4.7K

loadsandarefoundusing(4.80)ª
®#¯ ¦ ª�°�± ®�²�³ ´¶µ ¦
· ª
¸ · (4.84)ª
¹�¯ ¦ ª�°�± ¹º²�³ ´£µ ¦
· ª
¸ · (4.85)

By using the computedbrightnesstemperaturesfor
ª
­ » ¼

, and knowing
ª ¸

and the cal-

ibration load backplatetemperatures,the parameter¦ can be found by minimizing the

following: ½ ¾�¿ ª�­ » ¼ ± ¾ µÁÀª
­ » ¼ ± ¾ Â
Ã (4.86)

wherethesumis over all thesky look samples.Themodeledsky temperaturefor the Ä -th
sampleis denoted

ª ­ » ¼ ± ¾ , andtheestimatedsky temperature
Àª ­ » ¼ ± ¾ is givenby (4.82)-(4.85).

Table4.3 lists thevaluesof ¦ foundusingtheavailablesky looksfor eachchannel.

Theabsolutecalibrationof theradiometersis limited by thevariability §.¨ of theestimates

of ¦ : ©;ª « ¬ ­ ¯ § ¨¦ ³ ª�°Åµ<ª�¸ · (4.87)

Thestandarddeviation § ¨ for eachfrequency channelwasfoundfrom thesetof 20 values

of ¦ that werecomputedusingdatafrom ten steep-rollsperformedduring five different

flights. Theabsolutetemperatureuncertaintiesfor thedifferentPSRfrequency bandsare

listedin Table4.3with
ª�°Åµ<ª�¸ÇÆÇ´ È�È

K.

The heatflow equation(4.79) at the convective boundarycanbe rewritten using

(4.78-4.81): É ¯TÊ ³ ´¶µ ¦
· Ë ¤�¥´£µuÌ�³ ´¶µ ¦
· Ë ¤�¥ (4.88)
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The coefficient of heattransfer Í dueto convectionis fundamentallyindependentof the

microwave frequency, andthe frequency dependenceof Î and Ï�Ð mustcancel.To hold Í
constant,the term Ñ Ò;Ó|Î
Ô Ï
Õ�ÖÐ must remainconstantand is assumedto have an average

broadbandvalue: Ò¶Ó<ÎÏ�ÐØ× Ò¶Ó ÎÏ�Ð (4.89)

where Î is theaverageof thevaluesin Table4.3 and Ï�Ð is thebroadbandemissionpoint

within theabsorberprofile. Thevalueof Ï�Ð is assumedto be38 mm (1.5 in), suchthatthe

broadbandmicrowave emissionoriginatesat themidpointbetweenthetips andvalleys of

theconvolutedfoamabsorber. This assumptionis consistentwith modelresultsobtained

for wedgeabsorberwith awidth to heightrationearunity [36]. With theseassumptions,the

valueof Í is calculatedto be0.6554W mÕ.Ù�Ú CÕ�Ö . Thecompletedsteady-statemodelcom-

prisesthe two boundaryconditions(the backplate,andthe convectionboundary)andthe

valuesof Ï�Ð for eachfrequency band.During a sortie,however, theenvironmentdoesnot

remainin steady-state;therefore,a transientmodelis neededto computethe temperature

profile throughouttheflight.

4.3.2 Transient Model

A one-dimensionalfinite-differencetransientmodelhasbeendevelopedto solve thetime-

dependentheattransferproblemfor a calibrationloadduringanaircraftsortie.Theback-

plateandambienttemperaturesareusedasforcedboundaryconditionsto drivethetemper-

atureprofilewithin theabsorber. Usingtheconvectionboundaryandvaluesof Ï�Ð thatwere

estimatedusingthesteady-statemodel,theemissiontemperaturescanbeestimatedfor an

entireflight. The following is the time-dependentheatequation,which is approximated

andsolvedusingthefinite-differencetechnique:Û¡Ü Ù ÝÜ Ï Ù ×�Þ�ß Ü ÝÜ�à (4.90)

whereÞ is thematerialdensityand ß is thespecificheat(or heatcapacity)of thematerial.
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The finite differencegrid is constructedusing á equallyspacedpointsbetween

the calibrationload backplateat âäãÁå and the convection boundaryat âäãæá (see

Figure4.5(c)). Thegrid spacingwaschosento be çiè6ã�é mm. Thespatialderivative at

grid point â canbeapproximatedusingacentraldifference:ê�ë ìê è ë�í ì�î#ï�ð#ñ6ò ì�î�ó<ì�î�ô�ðõ ç;è
ö ë (4.91)

Thetimederivative is approximatedusingasinglesidedforwarddifference:ê�ìê�÷ í ìºø ï�ð ñ<ìºøç ÷ (4.92)

Thesetwo differencescan be substitutedinto (4.90) and the time stepequationcan be

found.By setting õ çiè�ö ëù ç ÷ ã ò with ù ãûúü�ý (4.93)

thetimestepequationis ì ø ï�ðî ã ì øî�ô�ð ó<ì øî#ï�ðò (4.94)

With ç;è and ù specified,thetimestepis ç ÷ ã�å.þ ÿ ò�� sec.

Theboundaryconditionat â ã�å is enforcedby assigningthenodetemperatureat

timestep� to thebackplatetemperatureat
÷ ã���ç ÷ :ì ø� ã ì�� õ ��ç ÷ ö (4.95)

The convectionboundarycondition is achieved by balancingthe energy flow at the wall

usingsingle-sideddifferenceapproximations[33, eqn4-33]:ì ø� ã ì ø� ô�ð ó���ì¶ø	é ó�� with
� ã 
 çièú (4.96)

and
ìºø	 ã ì 	 õ ��ç ÷ ö , which is thestaticair temperatureasmeasuredby theP-3environ-

mentalsystem.Themodelis run for eachflight andthecalibrationloademissiontemper-

aturesaretakento be
ì õ è � ö ascomputedby thetransientmodel.For example,Figure4.6

showsthecomputedemissiontemperaturesfor theflight onMarch7.
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Figure4.6: Computedcalibrationloademissiontemperaturesfor theLabradorSeaflight
on March7.
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4.3.3 Comparisonof PSRbrightnesstemperaturesand the cold sky

To verify theperformanceof thecalibrationalgorithms,calibratedPSRbrightnesstemper-

atureswerecomparedwith themodeledcold sky temperatures.The cold sky lookswere

usedto obtaintheparameter� for thesteady-statemodel,however, thecomparisonin this

sectionverifiesthe utility of the time-domainmodelfor calibratingthe radiometers.Ta-

ble 4.4 lists threerepresentative casesfor comparison.The meandifferencebetweenthe

calibratedandmodeledbrightnesstemperaturesfor � 400samplesis 
 3 K, which is near

theaccuracy predictedin Table4.3. TheX-v, X-h, andKa-h channelson March 9, how-

ever, exhibiteda largerthannormaloffsetof abouttwice thepredictedaccuracy. Thus,the

accuracy of time-domaincalibrationalgorithmis concludedto be1-2 timesthepredicted

accuracy or ����� � ��� 4-8 K.
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Table4.4: Comparisonsof PSRbrightnesstemperaturesandmodeledcold sky temper-
aturesfor threerepresentative 60� -roll observationsduring the LabradorSeaexperiment.
The ��� Ka-bandchannelexhibiteda largerthannormaloffsetduringtheflight onMarch9,
yet theoffsetwasonly � 2.5 timesthestandarddeviationpredictedin Table4.3.

3/7/97

scan1, samples640-1000
elevationangle= 61.4� , altitude=5.7km

modeled measured mean standard��� � � ��� � � difference deviation
PSRChannel (K) (K) (K) (K)

X-v 3.65 3.67 0.02 0.49
X-h 3.65 2.36 -1.29 0.76
K-v 4.05 1.89 -2.16 2.16
K-h 4.05 4.00 -0.05 1.55
Ka-v 7.20 6.91 -0.29 0.91
Ka-h 7.20 5.70 -1.51 0.41

3/7/97

scan2, samples570-1100
elevationangle= 60.3� , altitude=5.7km

modeled measured mean standard��� � � ��� � � difference deviation
PSRChannel (K) (K) (K) (K)

X-v 3.69 5.26 1.57 0.50
X-h 3.69 3.70 0.01 0.79
K-v 4.10 3.89 -0.21 2.22
K-h 4.10 4.82 0.72 1.60
Ka-v 7.38 6.73 -0.65 1.13
Ka-h 7.38 7.40 0.02 1.12

3/9/97

scan1, samples500-750
elevationangle= 59.9� , altitude=5.6km

modeled measured mean standard� � � � � � � � difference deviation
PSRChannel (K) (K) (K) (K)

X-v 3.71 7.68 3.97 0.45
X-h 3.71 -1.67 -5.39 0.73
K-v 4.14 3.84 -0.30 2.05
K-h 4.14 4.30 0.16 1.46
Ka-v 7.49 9.73 2.24 1.18
Ka-h 7.49 -3.77 -11.27 0.56
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CHAPTER 5

GeophysicalModel Function

An empiricalgeophysicalmodelfunction(GMF) for brightnesstemperatureovertheocean

is describedin thischapter. Themodelcontainsboththeazimuthalwind directionharmon-

ics(for thefull Stokesvector)andtheazimuthally-averagedzeroeth-ordercomponents(for

the first two Stokesparameters).The primary geophysicalparametersin the modelare

wind speed,wind direction,andatmospherictransmissivity. The first- andsecond-order

harmonicamplitudecoefficientsof thewind directionharmonicsweremeasuredusingthe

PSRduring the LabradorSeaexperiment. Thesemeasurementswere for the first three

Stokesparametersat 10.7,18.7,and37.0GHz at wind speedsfrom 0.4 through16 ms��� .
The �� and��! resultsarecomparableto thoseobtainedusingtheSSM/Isatelliteradiometer

[66, 4], thusvindicatingbothmeasurementtechniques.The �#" arecomparableto recently

publishedfixed-beamradiometeraircraftobservations[69] for wind speedsbelow 5 ms��� .
Similar trendsareobservedfor wind speedshigherthan5ms��� , but thecoefficientsof the

PSRfirst-orderharmonicmeasurementsaresmallercomparedto theotheraircraftdata.

5.1 Background

The PSRgeophysicalmodelfunction relatesthe wind speedanddirection,typically ref-

erencedto 10 m above the surface,to the directionally dependentStokes vector that is

observedover theocean.Theobservedbrightnesstemperaturedependsuponthepolariza-

tion andfrequency, andat leastthe following geophysicalparameters:wind speed,wind



direction,watertemperature,andatmospherictransmissivity. Observationsmadeusingthe

SSM/I [66] alongwith wave tankdata[21] andemissionmodels[42] suggestthat theaz-

imuthaldependenceof thebrightnesstemperaturecanbewell modeledby a second-order

harmonicexpansionincludingtheeffectsof thesevariables.Thegeneralform of theGMF

for achannelof onespecificfrequency is:

$&%('
)*********+
,-/.10 2.�3 2 457698 )+ ,-/.10 :.;3 : 45=< >�?A@ BDCEBGFAHA6 ,-/.10 I.�3 I 45=< >1?#J KL@ BDCEBGFAH M NO

8 )+ ,-#P QG:P RA: 45=? S TU@ BDC�BGF#HA6 ,-#P QGIP R�I 45=? S TUJ KL@ BDCEBGFAH M NO
N VVVVVVVVVO (5.1)

whereB F is theupwinddirection,8 is theatmospherictransmissivity, and B is theazimuthal

viewing direction definedby the righthandcoordinatesystemin Figure 5.1. 5.1. The

azimuthalcoordinateis alignedwith the compassrosesuchthat 0W is north, 90W is east,

etc. Thefirst- andsecond-orderharmoniccoefficients
.�X Y

and
P Z Y

, [ '7\ or ] , ^ '7_ or`
, and a 'cb or 2 areprimarily wind speeddependentandcanbe determinedby either

modelingor measurement.In this investigation,measurementsusingthePSRareanalyzed

to determineseveralof the
.;X Y

and
P Z Y

coefficients.

Unlike the third andfourth Stokesparameters,the first two parameterscontaina

largezeroeth-ordercomponentof theharmonicexpansiondueto thecombinedbulk ther-

mal emissionfrom the oceanandatmosphere.These
.;X 2

termsarea strongfunction of

wind speedandcanbewritten:,-/.10 2.�3 2 45 ' ,- $A%Gd$A%Gd 457698 )+1e&f 0f 3�gih $ FD6 e b C f
0b C f 3�gih $ %Gj NO (5.2)

where
$A%Gd

and
$A%Gj

aretheupwellinganddownwelling atmosphericnonpolarizedbright-

nesscontributions, f X is the oceansurfaceemissivity and
$ F is the physicaltemperature

of the oceanskin. Within this expression,the surfaceemissivity is azimuthallyaveraged

asdenotedby k l m h andis assumedto modeltheradiativepropertiesof wind-roughenedsea

waterandfoam.
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Upon examinationof the GMF in (5.1), two importantsignal characteristicsare

noted. First, the azimuthaldependenceof the third and fourth Stokes parametersis in

phasequadraturewith respectto the dependenceof the first two Stokesparameters.As

will beshown in Section6.4.2,thischaracteristicenablestheretrieval algorithmto resolve

mostdirectionalambiguities.Second,smallfluctuationsin atmospherictransmission(and

henceo�pGq and oApGr ) dueto watervaporor cloudsdo not substantiallychangethevaluesofoAs and o�t ; suchvariationsoccuronly in amplitudethroughrelatively small variationsinu
and v w x and v w y . Furthermore,thethird andfourth Stokesparametersareeffectively zero

meanwith respectto azimuthangle1. From(5.2),however, thevaluesof o�z andoA{ areseen

to besignificantlyaffectedby variationsin theatmospherictransmissionandemission.

5.2 Air craft Measurements

The wind-speeddependenceof the harmonicamplitudeswasmeasuredusingthe PSRat

sevendifferentwind speedsrangingfrom 0.4to 16ms| x duringboththeLabradorSeaEx-

perimentandassociatedflightsoverbuoysoff theeasternshoresof MarylandandVirginia.

Theflight patternusedto measuretheazimuthalbrightnesstemperaturesignaturefor each

caseconsistedof six straightandlevel flight legsorganizedin threepairs,each60} apart

in heading.Eachsuch“hex-cross”pattern(seeFigure5.2) coveredanareaof ~ 900kmy
(a sizesimilar to that of a satellitemicrowave radiometerfootprint) andoccurredover a~ 50 minutetime period. Flying the threeheadingshastheeffect of minimizing any arti-

factsin thedatathatweredependenton theslip-streamflow acrossthescanhead.No such

patternswerediscerniblein thechannelsusedin this study, however, theKa-bandanalog

andK-banddigital channelsexhibitedthesetypevariations(asdiscussedin Chapter3) and

werenotusedin calculatingtheGMF. Thedatacollectedduringatypicalhex-crosspattern

consistedof ~ 150full conicalscanswith ~ 227samplesperscanandatanelevationangle

of � �G� � } from nadir (theSSM/I incidentangle).Hex-crosspatternswereflown at 6,100m
1That �;� and �G� are azimuthallyzero-meanis not an intrinsic propertyof all surfaces,but rathera

physicalpropertythatappearsto hold truefor theocean.
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Figure5.2: Hex-crossflight patternusedfor PSRobservationsof oceanwindsonMarch4,
1997. This flight track is typical of the hex-crosspatternsperformedduring the OWI
LabradorSeaexperiment.
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Table5.1: PSRwind directionharmonicobservationsduringtheOWI/LabradorSeaexper-
iment ��� ����� � �����

Date Time Surface
(ms� � ) ( � C) ( � C) (UTC) Truth

0.44 10 9 3/10/97 2200 Buoy #44014
3.4 10 7 3/10/97 2100 Buoy #44009�1�L�E�;� �

-9 3 3/9/97 1530 R.V. Knorr� �&�E�;� �
-7 3 3/7/97 1700 ”� �;� �i�E�;� �
-7 4 3/7/97 1800 ”� �G� �i���1� �
-9 3 3/3/97 1500 ”� �i�E�;� �
-12 3 3/4/97 1600 ”

(20,000ft) altitudeonsevenoccasionsandatsix locationsbetweenMarch3 andMarch10,

1997,(Figure5.3).

All hex-crosspatternswerecenteredover a sourceof surfacewind truth. For the

Virginia flights the truth wasobtainedfrom fixed buoys operatedby the NOAA National

DataBuoy Center(NDBC), andfor the LabradorSeaexperimentthe truth wasobtained

from meteorologicalsensorsaboardthe R. V. Knorr. The two locationsoverflown on

March 10 wereNDBC buoys #44009and#44014andthe remaininglocationswerecen-

teredover theKnorr in theLabradorSea.In-situ truth includedmeasurementsof surface

winds andoceanandair temperatures.Atmospherictransmissivity wascalculatedusing

temperatureandmoistureprofilesmeasurementsfrom four radiosondeslaunchedfrom the

Knorr nearthetimesof theaircraftoverflights.Thewind speedandenvironmentalcondi-

tionsfor thesevenmeasurementsarepresentedin Table5.1.

Asanexample,themeanazimuthalbrightnesstemperaturesignaturesandharmonic

approximationsmeasuredon March9 from 1500-1600UTC areshown in Figure5.4. The

wind speedwas10 ms� � � 0.6 ms� � during the datacollection. The first- andsecond-

orderharmonicamplitudesweredeterminedusinga least-squaresfit to thescan-averaged

azimuthalsignature. As illustratedby the
��� �

fit-error curves, radiometricnoiseand

brightnesstemperaturevariability of geophysicalorigin influencedthe variancesof the
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Figure5.3: Map of PSRhex-crossmeasurementlocations.Hex-crosspatternswereexe-
cutedat thesesix locationsto developthemicrowave azimuthalgeophysicalmodelfunc-
tion.
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Figure5.4: PSRazimuthalharmonicsfrom March 9, 1997exhibiting the wind direction
dependenceof thefirst threeStokesparametersat10.7,18.7,and37.0GHz. (Datafor �#� at
18.7GHz wasunavailable.)Thewind speedwas10 ms�G �¡i¢G£ ¤ ms��  from 1500to 1600
UTC asmeasuredby theKnorr. Thesolid linesrepresentthe reconstructedsecond-order
harmonicexpansionsandthedashedlinesarethe ¡¦¥ §;¨ errorcurvesfor 170full azimuthal
scans. Individual points indicatemeanmeasuredbrightnessdeviations. The 37.0 GHz
SSM/I globalaveragewind directionharmonics,denotedby solid lines,areshiftedby ©iª
K for clarity.
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harmonicamplitudemeasurementsby lessthan « 5%. For comparison,the37GHzSSM/I

globalaveragewind directionharmonicsfrom [66] for awind speedof 10ms¬G­ areplotted

with a -2 K offset.

ThePSRGMF showsa distinct2-3 K variationwith strongfirst- andsecond-order

harmonicdependencein the vertical andhorizontalpolarizations,respectively. For both

polarizations,the amplitudesof the dominantharmonics(i.e., ®�¯ ­ and ®�° ­ ) increasewith

frequency. Furthermore,themeasuredverticalandhorizontalharmonicamplitudesat 18.7

GHz and37.0GHz exhibit excellentagreementwith the SSM/I global averagewind di-

rectionharmonics.Althoughslightly lower in amplitude,thePSR10.7GHz wind direc-

tion harmonicsareotherwisecomparableto the37 GHz SSM/I harmonics.Of particular

interestis the strong( « 1 K amplitude)first harmonicpresentin the third Stokesparam-

etersignature.The large first harmoniccontentof this signatureis indicative of a strong

windward-leewardasymmetryin theoceanwave structure.The ±A² signatureis clearly in

phasequadraturewith the ± ¯ and± ° azimuthalsignatures.Thesemeasurementsaresimilar

to theoreticalmodelingresultsobtainedby KunkeeandGasiewski [41] usinganasymmet-

ric wavegeometricalopticsmodel.

The harmonicanalysisof Figure5.4 wasperformedfor the remaininghex-cross

patternswith the resultscompiledin Figure 5.5. The first- and second-orderharmonic

amplitudesareplottedascirclesandsquares(respectively) alongwith wind speedandam-

plitudeerrorbars.Thewind-speeddependenceof theharmoniccoefficientsis estimatedby

a least-squaresquadraticfit, asshown usingsolid lines.Theparametersof thesequadratics

definetheGMF andaredetailedin Table5.2.

5.3 Discussion

Several observationsaboutthe GMF harmoniccoefficients(shown in Figure5.5) canbe

made.First,thewindspeeddependenceof theharmoniccoefficientsisbroadbandin nature,

that is, thesamegeneraltrendis seenfor eachStokesparameterover almosttwo octaves

139



0 5 10 15 20
-1

0

1

10
.7

 G
H

z

0 5 10 15 20
-1

0

1

0 5 10 15 20
-1

0

1

0 5 10 15 20
-2

0

2

18
.7

 G
H

z

0 5 10 15 20
-2

0

2

0 5 10 15 20
-2

0

2

37
 G

H
z

0 5 10 15 20
-2

0

2

Wind Speed (m s-1)

0 5 10 15 20
-2

0

2

Vertical Polarization Horizontal Polarization Third Stokes Parameter

   ³ 1st harmonic amplitude
   ´ 2nd harmonic amplitude
 quadratic fit
- - - - SSM/I (Wentz)
 •• SSM/I (Bates, et. al.)

even harmonics (a1v, a2v) odd harmonics (b1U, b2U)even harmonics (a1v, a2v)

Figure5.5: Microwave brightnesstemperatureharmonicamplitudesversuswind speedat
10 meterheightfor the first threeStokesparametersat 10.7,18.7,and37.0GHz. (Data
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orderharmonicamplitudes,respectively, andthe amplitudeerror barsrepresentthe ·�¸ ¹
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surements.The solid lines arequadraticfits to thedata. The dashedanddottedlines are
theSSM/Imeasurementsof Wentz[66] andBates,et al. [4], respectively.
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Table5.2: Quadraticfit coefficientsfor thewind speeddependenceof theharmonicampli-
tudesasdeterminedfrom PSROWI LabradorSeaflights.º

parameter » ¼ » ½ » ¾
(GHz) (K) (K m¿ ½ s) (K m¿ ¾ s¾ )
10.7 À�Á ½ -0.1022 0.1693 -0.0066
10.7 À Á ¾ 0.0090 -0.0294 0.0026
10.7 À;Â ½ -0.1713 0.0715 -0.0028
10.7 À Â ¾ 0.1245 -0.0906 0.0019
10.7 Ã ÄG½ -0.1532 0.1094 -0.0027
10.7 Ã Ä;¾ 0.0673 0.0154 0.0015
18.7 À�Á ½ -0.2229 0.2432 -0.0087
18.7 À�Á ¾ -0.1115 0.0271 -0.0008
18.7 À;Â ½ -0.1336 0.0762 -0.0021
18.7 À;Â ¾ -0.4398 0.0006 -0.0027
37.0 À Á ½ -0.2243 0.2570 -0.0079
37.0 À Á ¾ -0.0124 -0.0526 0.0034
37.0 À Â ½ -0.2433 0.2537 -0.0124
37.0 À Â ¾ 0.2347 -0.0849 -0.0013
37.0 Ã ÄG½ -0.1062 0.1354 -0.0029
37.0 Ã Ä;¾ -0.0265 0.0314 0.0003
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in frequency. Onedistinguishingcharacteristicis that the coefficient valuesincreasebyÅ 50%in amplitudefrom 10.7to 37.0GHz. Thenearlyidenticalvaluesbetween18.7and

37.0GHz,however, agreewith theobservationmadeby Wentz.A secondfeaturepertains

to the vertical polarization. Here, the first-orderharmonicamplitude Æ�Ç È increaseswith

wind speedandsaturatesat Å 12 msÉ È , while thesecond-orderharmonicamplitudeÆ Ç Ê is

almostzeroexceptfor wind speedsË 15msÉ È . Thehorizontalpolarization,however, hasa

dominant(negative)second-orderharmonicwhoseamplitudeÆ;Ì Ê increasesmonotonically

with wind speed.Thesmallerfirst-orderharmonicamplitudeÆ Ì È peaksat Å 12 msÉ È . The

third Stokesparameterexhibitsbothsignificantfirst- andsecond-orderharmonics,with the

first-orderharmonicbeingdominant.BothamplitudecoefficientsÍ ÎGÈ and Í ÎGÊ increasewith

wind speedandexhibit nosaturationover therangeof availablewind speeds.

Also shown in Figure5.5aresatelliteharmonicamplitudemeasurementsfrom the

SSM/I for comparison. Harmoniccoefficients determinedby Wentz [66] are shown as

dashedlines for vertical andhorizontalpolarizationsat 37 GHz, andthoseat 19 and37

GHz asdeterminedin an independentstudy by Bateset al. [4] are shown using dotted

lines.ThePSRharmoniccoefficientscomparefavorablywith satellitemeasurementsmade

by Wentzandmostlyso (but somewhat lessso)with thoseof Bateset al.. In thevertical

polarization,the PSRfirst-orderharmonicamplitudesshow generalconsistency with the

amplitudesof both Wentz and Bateset al. over the full rangeof wind speeds.While

thereis excellentagreementwith theWentzSSM/Imeasurementat3.4msÉ È (asindicated

by the Ï¦Ð Ñ error bars), there is, however, a Å 0.3 K discrepency with the Bateset al.

result. This discrepency might be attributableto the fact that oceansurfacewind speed

for theWentzstudywasmeasuredusingin-situ mooredbouys,while the investigationin

[4] relied heavily uponERS-1and-2 scatterometerretrievals for the surfacewind speed

measurements.However, the PSRfirst-ordervertical harmonicamplitudesat 10 and16

msÉ È agreewell with the Bateset al. measurementsandthe PSRsecond-ordervertical

harmonicamplitudesagreeclosely with both satellitedatasets. Additionally, the PSR

second-orderharmoniccoefficientsexhibit azerocrossingat Å 14msÉ È similar to thezero
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crossingof Bateset al. at Ò 9 msÓ�Ô .
In thehorizontalpolarizationthePSRharmoniccoefficientsshow generalconsis-

tency (as indicatedby the Õ¦Ö × error bars in varying instances)with resultsfrom both

satelliteinvestigations.Here, the PSRfirst-orderhorizontalharmonicamplitudesagree

bestwith Wentzfor wind speedsØ 10msÓ�Ô andhavesomeagreementwith Bateset al. for

wind speedsÙ 10 msÓ�Ô . ThePSRdatado agreewell with theBateset al. measurements

in the19 GHzchannelsfor wind speedsØ 14 msÓ�Ô .
In contrastto theverticalpolarization,however, theharmonicamplitudesasmea-

suredusingthePSRandby WentzandBateset al. areseento bemorevariable.ThePSR

second-orderhorizontalharmonicamplitudedatamatchthetrendof theWentzamplitude

measurements,however, theBateset al. resultsexhibit a zerocrossingat 15 msÓGÔ for 37

GHz that is not presentin eitherthe PSRor Wentzdata. Indeed,the differencebetween

the two satellitemeasurementsetsat 37 GHz and6 msÓ�Ô is Ò 0.4 K. The variability in

thefirst-orderharmonicamplitudeat horizontal(andto someextentvertical)polarization

suggeststhat the oceanwave hydrodynamicandair-seainteractionprocessesresponsible

for theupwind-downwind asymmetryin thesurfacewave structurearethemselveshighly

variable. While the wind speedis fairly well correlatedto the harmoniccoefficients,ad-

ditional processesthat drive the oceanwave spectraldevelopmentsuchas fetch, ocean

currents,boundarylayerstability, andthepresenceof longwavesandsurfactantscouldbe

contributing factorsto theenvironmentaldependenceof theazimuthalsignatures.

ThePSR10.7and37GHz ÚAÛ harmoniccoefficientsÜ Û Ô andÜ Û;Ý aredisplayedin the

righthandplotsof Figure5.5. Both thefirst- andsecond-ordercoefficientsaresignificant,

with Ü Û Ô beingdominant.The37 GHz measurementsareabouttwice aslargeasthe10.7

GHzharmonicamplitudes.Thischaracteristicis consistentwith thefrequency dependence

observed for the vertical andhorizontalpolarizations.Quadraticfits werecomputedfor

thesedataandareshown asthe solid lines. As indicatedby the errorbars,the PSRdata

arewell modeledby the quadraticwind speeddependence.In fact, thereappearsto be

little or no wind speedsaturationup to Ò 16 msÓ�Ô . Comparisonof satellitemeasurements
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aretheexponentialfunctionfits givenby Yuehet al. [69].

to thePSR âAß modelis currentlynot possiblebecausesatellitepolarimetersarenot yet in

operation.

ThePSR37.0GHz â ß measurementsareplottedin Figure5.6for comparisonwith

fixed-beampolarimetricmeasurementsreportedby Yuehet al. [69]. Thesamesymbolic

notationis usedas for Figure5.5. The Yuehet al. datawereobtainedusinga 37 GHz

fixed-beampolarimetermountedto anaircraft. Circle flights wereperformedto allow the

radiometerfootprint to dwell on a singlespotof theoceansurfaceat 55ã incidenceasthe

azimuthanglevarieddueto aircraft motion. Exponentialfunctionfits of Þ ßGà and Þ ßGá are

givenin [69] andplottedasthedottedanddash-dottedlines,respectively. TheYuehet al.Þ ß�à function is ä 1.5-2 timesthe amplitudeof the PSRGMF for wind speedå 10 msæ à .
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The ç è;é curvesexhibit thissamecharacteristicat ê 10msëGì . Otherwise,thetwo functions

agreewell for wind speedsí 5 msë�ì andthesecond-harmoniccurvesintersectat15msë�ì .
Several potentialcausesfor the discrepancy at 10 msë�ì exist. First, therecould be an

errorin estimatingtheatmosphericattenuation.Line of sightattenuationof ê 0.54dB was

reportedby Yuehet al. comparedto anestimateof ê 0.31dB for thePSRmeasurements.

Accordingto (5.1), the amplitudeof îAè variationis directly proportionalto atmospheric

transmissivity ï ; however, a 3 dB error in atmosphericattenuationwould benecessaryto

generatethe observed 100%difference. Sucha grosserror is unlikely. The sizeof the

geographicareaover which the measurementsweremadeis a secondpossiblecausefor

thedifference.Thefootprint caston theoceansurfaceby thefixed-beampolarimeterused

by Yuehet al. was ê 1 km across.ThePSRmeasurements,however, weremadeover an

areaof satellitefootprint proportions( ê 30 km), andthusvariationsin wind speedwere

smoothedby averagingthePSRscans.Additionally, theYuehet al. measurementswere

madeoff thecoastsof California,Maryland,andVirginia,asopposedto thePSRhighwind

speedmeasurementsovertheLabradorSea.Geographicandseasonalvariationsmightplay

animportantrole in determiningthesignature.Finally, onemustconsidertheexistenceof

calibrationerror. ThePSRdigital correlatorsdid exhibit a nonidealgainof í 1, however,

theauthorbelievesthatthegroundbasedpolarimetriccalibration(Chapter4) successfully

compensatedfor the effect. The consistency of the LabradorSeameasurementsbetween

sortiesandbetweenthe X-band,Ka subband-1,andKa subband-2channelssupportsthe

stabilityof thecalibration.

The model function agreeswell in the meanwith comparableanisotropicwind

emissionmodelsfrom independentSSM/I satellitestudies[66, 4]. This is not to saythat

theoceansurfaceemissionphenomenais completelyunderstood,evenonanempiricalba-

sis. Indeed,it is notedthatsignificantgeophysicalnoisecanoccurwithin a givenspot,in

particular, for thehigherfrequency channelsandfirst two Stokesparameters.Suchnoiseis

hypothesizedto bethecombinedresultof cloudsandlocalsurfacewind andwaveinhomo-

geneities,andis prevalentin spotsof smallersize. The impactof suchgeophysicalnoise
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from all sourcesis apparentlymuchlesson the third (andpresumably)the fourth Stokes

parameterssincetheseobservablesarebotheffectively zeromeanfor theoceanandmostly

undergo attenuationof their azimuthalharmonicsby clouds.Nonetheless,theGMF is re-

peatableenoughandprovidesa largeenoughbrightnesstemperaturesignalfor meaningful

wind directionretrievalsin Chapter6.
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CHAPTER 6

Retrieval of OceanSurfaceWind

Vectors

6.1 Intr oduction

In this chapter, the retrieval of oceansurfacewind vectorsis investigatedusingthe PSR

GMF andhigh-resolutionpolarimetricmicrowave imageryof the ocean. To simultane-

ouslyretrieve boththespeedanddirectioncomponentsof thewind, a multi-look retrieval

methodbaseduponthemaximumlikelihood(ML) principle[62] wasdeveloped.TheML

retrieval problemis posedin a form allowing for theuseof anarbitrarysetof azimuthlook

angles,radiometricfrequencies,andpolarizationstates.Theresultis anonlinearweighted

least-squaresminimizationproblem,which canbe solved usingany of severalmultivari-

atesearchtechniques.An enhancementof theML algorithmallows for adaptationof the

channelweightsbaseduponanestimateof thegeophysicalmodelingerror. Theerrores-

timatecanalsobeusedto studytherelative informationalcontentof thevariouschannels,

andclearly revealsthe utility of the third Stokesparameterover convection. The utility

of the multi-look retrieval techniquein both one-dimensionalandtwo-dimensionalwind

field mappingis demonstratedusingconically-scannedpolarimetricmicrowavebrightness

imageryobservedduringthepassageof apolarlow over thesouthernLabradorSea.
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6.2 ML Estimation of Wind Vectors

Theretrieval problemconsistsof estimatingthewind speedanddirectionfrom measured

brightnesstemperatures.In thissection,aninversionmethodbasedonmaximumlikelihood

(ML) estimationof wind speedanddirectionusingmeasuredbrightnesstemperaturesat a

suitablesetof azimuthalanglesis presented.The solutionis basedon iterationbetween

separatewind speedandwind direction retrieval algorithms(seeFigure6.1). The wind

directionretrievalalgorithmreturnsboththeML estimatedwind directionandazimuthally-

averagedbrightnesstemperaturesð;ñ ò using the GMF detailedin Chapter5. In addition

to a setof input brightnesstemperaturemeasurements,the wind speedandatmospheric

transmissivity arerequiredfor input to this algorithm.Thesetwo parameters,however, are

generatedby the wind speedalgorithm. This retrieval algorithmis an inversionof (5.2)

andusesestimatedvaluesfor thezeroeth-orderharmonictermsð ñ ò asinput. By iteratively

feedingtheoutputof eachalgorithmto theother’s input thejoint wind speedanddirection

estimaterapidlyconverges.
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6.2.1 Wind dir ection retrieval

We assumethatthebrightnesstemperaturemeasuredby a radiometeris equalto theGMF

in (5.1)evaluatedfor thespecificoceanandatmosphericstateplustwo additionalrandom

components:instrumentnoiseandgeophysicalmodelingerror. The instrumentnoiseis a

functionof radiometerbandwidth,integrationtime, receiver noisefigureandstability and

canbe quantifiedeitherexperimentallyafterdeploymentor theoreticallyprior to deploy-

ment.For thePSR,theinstrumentnoiseis well modeledby integrationnoisefrom a total

power radiometerwith fixedsystemtemperature:ó¦ôAõ;öU÷�ø ôAù ú ùû üUý (6.1)

where
ü

is thebandwidthand
ý

is the integrationtime. Sourcesof geophysicalmodeling

error include radiothermalperturbationscausedby variablessuchasstability, longwave

amplitude,andfetchthatarenotconsideredin thepresentGMF. If thenoiseandmodeling

errorsareassumedto be Gaussian,the measuredbrightnesstemperaturevector þôiÿ for a

multi-frequency polarimetricradiometerwith � channelscanbe modeledasan �����
randomvectorthat follows an � -dimensionaljoint Gaussianprobabilitydensityfunction

(pdf):��� þô ÿ	� ø �
 � ��
 ��� ��� ��� � � � ����� � � � ���! " �� � þô ÿ " ô ÿ	��# �%$ � � þô ÿ " ô ÿ	��&�' (6.2)

where

E
� þô&ÿ��)( ôiÿ(ø 
 ô � ' ô � ' * * *�' ô � 
 #� ø�+,,,- ó�ô �� .

. . .. ó�ô ��
/ 0001��� � � � � ø �2 3 4 � ó�ô �3

and

ó¦ô �3
is thecombinedinstrumentalandgeophysicalnoisevariancefor the 5 -th bright-

nessvectorcomponentand

 * 
 #

denotestranspose.Thevector

ô&ÿ
is theexpectedvalueof
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thebrightnessvectorandis equalto the multi-frequency GMF for thegivenatmospheric

andoceanstate.Themulti-frequency GMF is foundby concatenatingseveralsingle-band

GMFs(5.1) into asinglevector:687:9<; 6
X

7>=@? 6
K

7>=@? 6
Ka

7A=CB =
(6.3)

wherethesuperscriptsdenotethevariousfrequency bands.For D independentlooks(e.g.,

at variousazimuthangles)the joint pdf of theobservedbrightnesstemperaturesis simply

theproductof therespectivepdfs(6.2) for eachof the D looks:E�F�G687 H I ? G687 H J ? K K K�? G6�7 H L@M 9 LNOQP I E�F�G
6�7 H O M (6.4)

Given measurementsfrom D looks we can determinethe wind direction and speedby

maximizingthelikelihoodfunction[62], which is definedastheabove joint pdf:R F�G6�7 H I ? G687 H J ? K K K�? G687 H LTS UVM�W EAF�G687 H I ? G687 H J ? K K K	? G687 H LTS U�M (6.5)

where U 9YX Z 687�[ = \ ? ]�^C_
. Thecomponentsof U arethewind direction

]�^
andthemean

azimuthalbrightnesstemperatures

Z 6 7 [ \A` a�b 9dc afeg b ? a�e h b ? a�ig b ?)j j j	k =
. Thesecompo-

nentsareassumedto beconstantbut unknown. Themaximumlikelihoodestimatorl U is

thatvalueof U thateithermaximizes
R

:R 9 LNOQP I mn o p�q rCs J�t u�v w F x MCy I s J{z v |�}
; ~
mo F�G
6 7 H O ~ 6 7 H O M = x%� I F�G6 7 H O ~ 6 7 H O M B9�� n o p�q rCs J�t u�v w F x MCy I s J � � L z v |�}�� ~ mo L�OQP I F�G

687 H O ~ 687 H O M = x%� I F�G6�7 H O ~ 687 H O M�� j
(6.6)

or (equivalently) � � R sincethenaturallogarithmis monotonic:� � R 9 ~ D�� � � n o pQq r�s J�t u�v w F x M�y I s J � ~ mo L�OQP I F�G
687 H O ~ 6�7 H O M = x%� I F�G687 H O ~ 687 H O M j

(6.7)
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Themaximizationof � ��� is equivalentto theminimizationof theobjective function[62]:���Q�C�Q����8��� ��� ����� �>��� �%� � ����8��� ��� �8��� �>�)� (6.8)

If all measurementerrorsareassumedto beindependent,then � (andhence�%� � ) is diag-

onaland(6.8)becomes: ���Q�C�%�� � �C�)� �� � � � � � � � �>�� C¡ � �  � (6.9)

wherethe subscripts¢ £ ¤ ¥�¦ areusedto denotethe £ -th brightnesscomponentof the ¥ -th

azimuthallook. The ML solutionis thuscastin the form of a non-linearweightedleast-

squaresminimizationproblemwith preferencegivento thelessnoisychannels.

6.2.2 Wind speedand atmospherictransmissivity

Thewind speedandatmospherictransmissivity canbedeterminedby non-linearlyinvert-

ing the ML-estimatedzeroeth-ordercoefficients §f¨ © and §�ª © in (5.2). Parameterization

of thezeroeth-ordercomponentsin both « and ¬ � © usingastatisticalwind speedemissivity

modelfacilitatestheML estimationprocess.In thisstudy, wecomputetheemissivity ­ ®f¯�° ±
usingthehybridKirchoff approximationandoceanfoammodeldescribedby Wilheit [67]

alongwith theseawaterdielectricconstantmodelof Klein andSwift [37]. Theemissivity

calculationdependsprimarily on wind speed,andsecondarilyon water temperatureand

salinity. Weassumetheselattermosttwo to beknown a-priori.

The upwelling anddownwelling brightnesses
�	��²

and
����³

can be approximated

usinga two-layeratmospheremodelparameterizedin transmissivity:� ��²8´ ¢ µ � « ¦ ��¶ ² (6.10)����³ ´ ¢ µ � « ¦ � ¶ ³¸· « �8¹�Cº (6.11)

where
� ¶ »

and
� ¶ ¼

aretheeffective upwellinganddownwelling emissiontemperaturesof

thelayerbelow theaircraft,and
� ¹�Cº

is thecombinedcontributionof theatmosphereabove
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the aircraft andthe microwave cosmicbackground.The effective emissiontemperatures

aredeterminedby: ½	¾ ¿8ÀÂÁ ½�Ã>Ä!½�Å Æ Ç
(6.12)½ ¾ È ÀÂÁ ½ Ã Ä!½ Å É Ç
(6.13)

where

½ Ã
is thesurfaceair temperatureand

½ Å Æ
and

½ Å É
areoffset temperatures.Thethree

temperatures

½ Ã
,

½ Å Æ
and

½ Å É
areall determinedfrom ancillary data. For this investiga-

tion we usedfive radiosondeslaunchedfrom theKnorr duringtheperiodfrom March1 to

March 9, 1997to thesequantitiesasfollows. Using temperature,pressure,andhumidity

measurementsfrom the sondesthe atmospherictransmissivity Ê andthe backgroundup-

welling anddownwelling brightnesstemperatures

½�Ë Æ
,

½	Ë É
and

½8ÌËCÍ
werecomputedusing

the microwave radiative transfermodelof Gasiewski andStaelin[23]. Thesedataalong

with the surfaceair temperaturewereusedto determinethe offset temperatures.Typical

offsetswere

½ Å Æ�ÎVÏ�Ð Ñ
C and

½ Å É�ÎVÏfÒfÑ
C, correspondingto effectiveemissiontemperatures

½�¾ Æ�ÓÔ½	¾ É
equalto thatof theair at analtitudeof

Î
4 km.

Developmentof thewind speedestimatoris similar to thatof wind direction. The

log likelihoodfunctionfor wind speedis:Õ Ö�× ÀØÄ Õ Ö�Ù Á Ï Ú Ç ÛCÜ Ý�Þ ß�à á�â ã:ä�å�æ Ü Ý ç ÄéèÏ â�êë ½ ËQì í Ä î�ï ä�ð ã%ñ æ â�êë ½ Ë�ì í Ä î�ï ä
(6.14)

wherethenoisecovariancematrix

ã
is thesameasin (6.2). Theresultingobjective func-

tion, which is minimizedover both wind speedandatmospherictransmissivity, usesthe

zeroeth-orderbrightnesstemperaturecomponentsthat wereestimatedby the wind direc-

tion algorithm: Ûò ó ô æ â�õë ½ ó ì í Ä!î�ï ö ó ä ÝC÷ ½ ñ Ýó (6.15)

6.2.3 Iterati veSolution

The individual wind directionandspeedestimationsareiteratedto arrive at a joint mini-

mizationof both(6.9) and(6.15). Theoperationis illustratedin Figure6.1 andis carried
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out asfollows. First, an initial wind speedestimateis made.Theestimateis basedon an

averageover theazimuthallooksratherthananestimateof ø ù�ú û ü asin (6.15).For this step

theobjective functionis: ýþ ú ÿ�� ���þ� ÿ����ù ú 	 ��

��� 	 ú ����� ù�� �ú (6.16)

Oncethefirst wind speedestimateis obtained,a wind directioncanbeestimatedby min-

imizing (6.9). Both wind directionandspeedminimizationsareperformedusinga multi-

variablequasi-Newton method.The methodrequiresabout30 function calls to converge

to � � ��� becausetheJacobianis computedusingfinite differences.If fasterconvergenceis

needed,the Jacobiancould be analyticallyderivedandusedin a Gauss-Newton method.

With the computationalpower availablewith inexpensive computers,the extra burdenof

theJacobianapproximationis trivial. A by-productof thewind directionestimationis � ��� ,
whichis fedbackto thewind speedalgorithmto refinetheestimate.Thewind speedresults

arethenfed to thewind directionalgorithmandsofourth. Theiterationsarerepeateduntil

thewind vectorconvergesto thedesiredprecision.Experimentationshows thatmorethan

four iterationsdoesnot changethedirectionby morethan � 0.05� or thespeedby � 0.05

ms� � .
The objective function (6.9) inherentlyhasseveral minima, one of which is the

global minimum (i.e., the ML solution). A search,therefore,is requiredto find anddis-

tinguishthedifferentpointsof convergence.This searchwasimplementedby initializing

theretrieval minimizationalgorithmswith four differentinitial guessesof wind direction:

0� , 90� , 180� and270� . An exampleplot of thewind directionobjective functionis shown

in Figure6.2. In this examplethereis a globalminimum(theML solution)at 348� anda

local minimumat 117� . If theglobalsearchwerenot performed,thelocal minimumcould

beacceptedat theML solutionresultingin anerroneousretrieval. After all four seedshave

beentried, the resultwith the smallestvalueof the wind directionobjective function is

designatedtheML solution.
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6.3 Modeling Err or and AdaptiveChannelWeighting

The weightsassignedto the variouschannelsin (6.9) and(6.15)shouldbe basedon es-

timatesof both instrumentnoiseandGMF modelingerror. TheGMF modelingerrorde-

pendsonthespecificgeophysicalstatesandthusis difficult to determine.A realwind field

is typically inhomogeneousin speedanddirection,often exhibiting significantstructure

down to themeso-� spatialscale(i.e., severalkilometers).Additionally, inhomogeneities

in atmosphericattenuationdueto temporalandspatialvariability in cloudsandwatervapor

cancontributeto geophysicalnoisein multi-look systems.As anexample,theGMF in this

studyis basedonmeasurementsaveragedoverageographicareaof � 900km� , overwhich

theeffectsof cloudsandlocal convectionareto a greatextentaveragedout. Nonetheless,

considerablevariability in theharmonicamplitudescanstill beseenin Figure5.5. In order

bothto estimateandto accommodatetheGMF modelingerrorduringtheretrieval process,

anadaptivechannel-weight(ACW) algorithmfor multi-look retrievalswasdeveloped.The

combinedML/ACW wind vectorretrievalalgorithmprovidesameansto selectivelyweight

theappropriateradiometerchannelsin responseto geophysicalnoiseresultingfrom atmo-

sphericandsurfaceinhomogeneities.

TheML/ACW methodusesiterationto convergeuponbothanestimatedwind di-

rectionandmodelingerrorvariance.Thegoalof theML/ACW algorithmis to estimatethe

maximumlikelihoodwind directionusing(6.9)while basingthechannelweights �! "�# on

thestatisticsof themeasuredbrightnesstemperatures.Specifically, it seeks$%'&
suchthat ()*�+�,.-) # +�,!/ $ # 0 *�1  # 0 *32 � �� "4 �# is minimized (6.17)

subjectto theconditionthat:�� �#65 max 7!89:()*�+�, / $ # 0 * 1  # 0 * 2 �<; �! �# 0 = (�>@? (6.18)

wherethefirst term in thebracketsof (6.18) is thevarianceestimateof the total noiseof

the A -th channelover all looks B 5 8@C C 9 . The minimizationover
$% &

, is implemented

usingsimplerecursionasillustratedin Figure6.3. In thefirst iteration,thewind direction
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Figure6.3: Block diagramof the adaptive channelweightsrecursionalgorithm. This al-
gorithmreplacestheWind DirectionMLE block in Figure6.1 to createthefull ML/ACW
algorithm.
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is estimatedusingchannelweightscomposedof only nominalmeasurementnoisewith no

modelingerror. In all following iterations,the channelweightsare the greaterof either

the nominalmeasurementnoiseor the estimatederror variances.The error variancesfor

eachchannelarecomputedbaseduponthemeasuredbrightnesstemperaturesandtheGMF

outputevaluatedat the mostrecentlyestimatedwind speedanddirection. The recursion

is repeateduntil the wind direction convergesto a desiredprecision,in this study 0.1D .
To generatethe full ML/ACW algorithm, the diagramin Figure 6.3 replacesthe Wind

DirectionMLE block in Figure6.1.

Undervariablecloudinessand/orsurfacewind inhomogeneity, theverticalandhor-

izontal channelssuffer brightnessperturbationsdueto cloudandsurfaceemissions;such

perturbationsdo not appearin thethird Stokesparameterchannel[22]. Thus,usingACW

the third Stokesparameterchannelwill receive proportionatelymoreweight underthese

conditionsthanthe vertical andhorizontalchannels.The ACW techniquealsohelpsac-

commodatetheeffectsof watervaporandtemperatureinhomogeneity, or variationsof any

otherparametersthatimpactthebaselineverticalandhorizontalbrightnesstemperatures.

A usefulby-productof theML/ACW algorithmis is anestimateof theGMF model-

ing errorfor eachchannel.Thiserrorcanbeusedin computingCramer-Rao(CR)minimum

varianceboundon thedirectionretrieval accuracy. TheCRboundis givenby [58]:E�F GH I6JLKNMPO!Q R F�S TVUR�W FXZY�["\�] (6.19)

wherethelog likelihoodfunctionis givenby (6.7). Thisboundcanbeanalyticallyderived

for theML wind directionretrieval. Accordingly, theminimumstandarddeviation for an^
-look retrieval is: E GH I J`_"abc�d ] eb f d ]�g

f h cVi!j \ Fflk \'] m F (6.20)
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wherenpo q r�sutvw vx�y z�{ |'} o@~ � �<� �'r����'�<�<��� | z o@~ � �<� �@�'r������'�<� � z if � refersto a � or � channely z�{ � } o@� � ~ � � r ��� � �<��� � z o@� � ~ � �@� r ����� � � � z if � refersto a � or � channel

(6.21)

where

�'r
is the azimuth look angleof the � -th look. For example,a wind direction

estimateusingtwo looksfrom asingle-frequency fully-polarimetricradiometerwouldhave

aminimumstandarddeviationof:�3�� �6�Z� y z z�r�� } { |�} � ~ � �<� �'r����'�<�<��� | z � ~ � �<� ���'r��
���'�<� � z����"� z� �{ |�} � ~ � �<� �'r����'�<�<��� | z � ~ � �<� �@�'r
�
���'�<� � z����"� z� �{ � }   � � ~ � �'r����'�<�<��� � z   � � ~ � �@�'r����@�'�p� � z����"� z  �{ � } ¡ � � ~ � �'r����'�<�<��� � z ¡ � � ~ � ���'r��
���'�<� � z��!��� z¡l¢ � } £ z (6.22)

The CR error bounddependsnot only upon instrumentandmodelingnoise,but

alsouponthespecificsetof azimuthlook anglesandwind direction.Figure6.4shows the

minimum boundon the directionstandarddeviation for a two-look retrieval of 14 ms
� }

windsusingthefirst threeStokesparametersat 37.0GHz. TheassumedRMS instrument

noiseis assumedto be 0.2 K for all threepolarimetricchannels,andthe modelingerror

is 1 K for
� � and

� � . Theazimuthlook angleis definedastheangleof the fore-lookoff

the starboardsideof the aircraft or satellite,andthe wind directionis givenwith respect

to the heading.Typically, the minimum standarddeviation is ¤ 5¥ , however, thereexists

severalpointsatwhichtheboundexceeds25¥ . Thesepointscorrespondto combinationsof

wind directionandazimuthlook anglesat which theobjective function(andhenceGMF)

hasa small azimuthalsensitivity. For theseconditionsa small perturbationin brightness

temperature(dueto eitherinstrumentor modelingnoise)producesa ratherlargechangein

theestimatedwind direction. Perhapsthemostextremeexampleis for thecaseof thera-

diometerlookingdownwindat90¥ with respectto theplatformtrack.For thissituation,the
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Figure6.4: Minimum boundon theretrievedwind directionstandarddeviation for a two-
look 37 GHz tri-polarimetricsystem. The assumedwind speedis 14 ms¦�§ , ¨�©�ª'«"¬®­¯�° ±

K, andthe ©�² and ©�³ modelingerroris 1 K RMS.
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Table6.1: PSRLabradorSeaexperimentObservationson March7, 1997.

designation heading time flight track
outbound 102́ 1900-1936UTC (55.6067́N, 50.0852́W) to

(54.7871́N, 44.3091́W)
inbound 288́ 1954-2100UTC (54.4140́N, 42.1850́W) to

(55.7849́N, 51.7862́W)µ<¶
azimuthalslopeis nearlyzero(e.g.,seeFigure5.4),andfrom Figure6.4 theboundon

thestandarddeviation risesto · 30́ . Interestingly, for theoppositecaseof theradiometer

looking upwindat 90́ off track,the
µ ¶

curve is highly slopedresultingin anerrorbound

of only · 4́ .

6.4 Wind Vector Measurements

During theOWI experimenttheP-3overflew a Canadian-Atlanticlow pressuresystemon

March 7 locatednear55́ 30’ N, 47́ 00’ W andmoving northeasttowardsthe southern

tip of Greenland.TheNOAA AVHRR infrared(channel4) imageryof cloudsassociated

with this polar low at 1128 UTC is shown in Figure 6.5. The warm air massflowing

southward from Greenlandover the LabradorSeacoupledwith the cold dry westerlyair

from theCanadiannorthto produceawell developedcyclonewith surfacewindsof 15-25

mş�¹ (30-50kts) anda centralpressureof · 960mb. Two P-3flight tracks(seeTable6.1)

intersectedthelow pressuresystemandprovideduniqueobservationsof amesoscalewind

shift acrossthecyclonecenter. Surfacewind measurementsweremadeby GPSdropsondes

at two locations,oneon eithersideof thecenter. TheML/ACW algorithmwasappliedto

the PSRdatain both full conical-scanandtwo-look (fore andaft) retrieval modesto the

multi-bandpolarimetricimagery. The channelsusedwere10.7 GHz (v, h, andU), 18.7

GHz (v andh)1, and37.0GHz (v, h, andU). ThePSRfootprint sizewas1400 º 850m at

10.7and18.7GHz, and300 º 500m at 37.0GHz. The incidenceanglewas53.1́ from
1The18.7GHz U-channelwastoo noisyto beusefulin this investigation.
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Figure6.5: The NOAA-12 AVHRR infrared(channel4, 10.9 » m) imageryat 1128UTC
on March7, 1997.
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nadir, andaircraftaltitudewas6,100m (20,000ft), thusimagingaswathof width ¼ 15km.

6.4.1 Full-ScanRetrievals

One-dimensional20 km resolutionwind vectormapswereproducedusingfull azimuthal

scansovertheinbound(629km) andoutbound(378km)flight lines.Figure6.6displaysthe

resultsof thefull conicalaveraged-scanwind vectorretrieval for theinboundandoutbound

flight legs overlaid onto 37 GHz radiometricbrightnessimagery. Eachsub-trackwind

vectorwasretrievedfrom anaverageof sevenconicalscans,which resultedin 35 seconds

of integrationtimefor eachscanata20km spacing.Thereare19retrievedwind vectorson

theoutboundleg and31on theinboundleg. Thewind measurementsshow adistinct180½
wind shift in both flight tracksalong a frontal boundaryassociatedwith the mesoscale

cyclone, as indicatedin the AVHRR imagery. The two GPSdropsondemeasurements

obtainedduring the inboundleg (arrows plotted with starsat the splashpoints) concur

with this wind shift. Table6.2 lists thewind directionretrieval statisticsfor theoutbound

and inboundflight legs. Thereis a strongsoutherlyflow of ¼ 15 ms¾�¿ (30 kts) at 195½
to theeastof 47½ W longitude. Moving left, or west,acrossthefigure, thewind direction

changesfrom 195½ to 22½ for thewesternportion. Thedropsondemeasurementsindicate

wind directionsof 203½ and9½ for the eastandwestportionsof the inboundflight track,

respectively. Thedirectionchangeoccursover a distanceof ¼ 80 km. Comparisonof the

retrievedwind field with theNOAA NationalCenterfor EnvironmentalPrediction(NCEP)

Etanumericalweatherpredictionmodel[6] analysisat 1800UTC (bluearrows, two hours

prior to theinboundleg) alsoshowsgoodagreement.Herethehigherresolutionof thePSR

retrieval revealsthewind shift occurringovera muchsmallerdistance( ¼ 50-100km) than

theEtamodel.

The low-resolutionbackgroundfield in Figure 6.6 is the 37 GHz horizontally-

polarizedbrightnesstemperatureasmeasuredby theDMSPSSM/I (F-13spacecraft)dur-

ing the inboundtransectat 2003UTC. The PSR37 GHz À�Á imageryis alsoplottedand

canbe identifiedasthehigh-resolutionswathof width 15 km runningright to left across
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Figure6.6: Full-scanwind vectorretrieval for the outbound(top) andinbound(bottom)
flight legs. The wind vectorsareoverlaid onto the PSRandSSM/I horizontalpolarized
37 GHz radiometricbrightnessimagery. The meanwind directionis 195Â to the eastofÃ 47Â W longitudeand 22Â to the west of this boundary. The dropsondemeasurements
(plottedasstarredarrows) indicatewind directionsof 203Â and9Â for the eastandwest
portionsof theflight track,respectively.
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Table6.2: Wind directionstatisticsfor thetransecton March7, 1997acrossthepolar low.
PSRretrievals usedboth the 1-dimensionaland2-dimensionalML/ACW methods.The
1-D retrieval statisticswere computedusing 7 retrieved wind vectorslocatedneareach
splashpoint. Eighteenpointswereusedfor the2-D retrievals. TheCR boundis statedfor
the2-dimensionalretrieval. Thedropsondeswerereleasedon the inboundtrack. TheEta
modeldatais from the1800UTC record.

EastSplashPoint WestSplashPointÄ Å'Æ<ÇÉÈ'Ê Ë Ä Å'Æ<ÇÌÈ�Ê Ë
(degrees) (degrees)

Out- PSR1-D 230.0 15.4 11.5 3.4
bound PSR2-D 217.6 19.8 8.7 11.0
Track CR bound - 6.7 - 3.7

PSR1-D 195.4 11.6 19.2 5.4
Inbound PSR2-D 205.1 18.1 23.8 17.2
Track CR bound - 7.0 - 8.8

GPS 202.6 - 9.3 -
EtaModel 184.9 - 31.6 -

eachfigure. Note that thehigh-resolutiondetailsasrevealedby the Í 1 km PSRimagery

are averagedout by the larger antennafootprint of the SSM/I ( Í 25 km). In particular,

thereareseveralsmallbrightspotsÍ 5 km in sizeat48Î W longitude(immediatelywestof

thewind directionshift) and42.5Î W longitudethatarerevealedonly in thePSRimagery.

Thesesmallbright featuresaffectedthechannelweightingin theML wind vectorretrieval

throughtheACW algorithm.Figure6.7shows therelativeweightsof the Ï<Ð channelver-

susthe sum-squaredweightsof the Ï�Ñ and Ï<Ò channelsfor the 10.7 and37 GHz bands.

Therearetwo distinct locationsat which the Ï Ð channelis weightedsignificantlyhigher

than Ï Ñ and Ï Ò , bothof which correspondto thesebright features.Also significantis that

the weightingof Ï Ð relative to that of Ï�Ñ and Ï�Ò for 37 GHz is increasedmorethanthis

sameratio for 10.7GHz at theselocations.This trendis expectedbecauseÏ�Ñ and Ï<Ò are

more susceptibleto variationsin both atmosphericandsurfaceabsorptionandemission

at thehigherfrequency. Theabove evidencesuggeststhat the10.7GHz channelswill be

usefulfor wind vectorandsurfaceemissionmappingin cloudy andconvective areas.In
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particular, 10.7GHz Ý<Þ will behighly usefulfor wind directionretrieval.

6.4.2 Two-Look Retrievals

Two-dimensionalwind vectormapswerealsoretrieved usingthePSRconically-scanned

imageryusinga two-look technique.Thedatawereseparatedinto fore andaft looksand

averagedto produceßáà�â km sizedspots.The629km inboundflight line yieldedfore-look

andaft-look imagescontainingã�àåä æ�ç pixelseach.Thetotal radiometricintegrationtime

for eachpixel was è 0.25sec.Fore/aft-lookpairswerechosenusinganearestneighborcri-

terion,andtheML/ACW wind vectorretrieval wasappliedto eachpair. Theresultingwind

fieldsweretestedandcorrectedfor directionalambiguities.Generally, theML estimateis

closeto thetruewind direction.Occasionally, however, a non-ML solutionis significantly

closerto thetruewind direction,thusyielding a grossdirectionalerror. This incorrectse-

lection occursbecauseof instrumentnoiseandgeophysicalmodelinguncertainty, which

causetheglobalmaximumof é êVë to occurat the incorrectdirection,while oneof the lo-

cal maximaoccursat thecorrectdirection. Directionalambiguitiescanberesolvedusing

climatology, medianfiltering (asis commonin scatterometry[53, 27]), or availableground

truth suchasbuoys andship reports. In this studythe ambiguitiesareresolvedusingthe

medianfiltering methoddescribedin [27]. Themostlikely wind directionwasdetermined

by passinga ã�àåã medianfilter over theretrievedwind field. If a retrievedwind direction

wasmorethan20ì differentfrom the medianfilter output,the next most likely direction

wastestedfor abetterfit. Thisdirectionwaschosenif it fell within the20ì window, other-

wisetheoriginalML estimatewasretained.For boththeoutboundandinboundflight legs,

theML algorithmselectedthecorrectdirectionto within the20ì window criterion í 90%

of thetime; thus,theretrievedambiguityratewas î 10%.

Figures6.8(a)and6.9(a)show two regions,oneto theeastandtheotherto thewest

of thewind shift, in which theretrievedwind fieldswerelargely homogeneous.Thewind

imagesareshownalongwith correspondingforward-lookingbrightnessmapsfromthe10.7

and37.0GHz channels.Thestatisticsof theretrievedwind fieldsin theareascloseto the
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Figure6.8: High-resolution2-dimensionalwind mapandbrightnessimageryfor region
eastof wind directionshift. Theretrievedsurfacewind field andcorrespondingCR bound
imageareplottedin (a). The fore-lookpolarimetric(ï�ð , ï<ñ , and ïpò ) brightnesstempera-
turesaredisplayedin images(b)-(d) (10.7GHz)and(e)-(g)(37.0GHz).
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Figure6.9: SameasFigure6.8 for theregionwestof thewind directionshift.
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two dropsondesplash-pointsarecompiledin Table6.2. The absolutedifferencebetween

theGPSdropsondemeasurementsandtheaverageretrievedwind directionis only 2ó and

9ó for theeastandwestlocations,respectively. TheRMS variability in theretrievedwind

fieldsis ô 18ó , whichis abouttwicetheCRboundfor theretrieval standarddeviation. This

differenceis notunexpected,sincethecomputedretrieval variability is alsoaffectedby the

spatialvariability presentin theactualsurfacewind field. Furthermore,thevarianceof the

ML estimatoronly approachestheCRboundasymptotically[58, Section18.16];therefore,

with only two looks it is quitepossiblethat the retrieval variancewill begreaterthanthe

CR bound.Thehomogeneityof theretrievedmapssuggeststhatsatellite-basedretrievals

of surfacewind fields that exhibit uniformity over scalesof at leastonespotsizewill be

retrievableusinga two-look technique.

Thecolor backgroundin Figures6.8(a)and6.9(a)is theCR boundfor eachpixel

computedfrom thechannelweightsestimatedby theML/ACW algorithm.Notethatwhile

mostof thepixelshaveaCRboundwithin 5ó -10ó , therow acrossthetopof theeastimage

and the bottomof the west imagehave a larger CR bound. This increase(up to õ 20ó )
occursbecausethecombinationof azimuthlook angle,aircraftheading,andwind direction

aresuchthattheradiometeris looking ô 90ó off-trackandnearlydownwind. Thissituation

is identicalto thatdescribedin Section6.3.

The correspondingtwo-dimensionalwind field mapfor the region containingthe

wind directionshift is shown in Figure6.10(a). The winds at both endsof the displayed

maparehomogeneousasin Figures6.8(a)and6.9(a);however, overa tracklengthof ô 80

km in the vicinity of the wind shift, the retrieved winds arehighly variablein direction.

Someof the observedvariability is presumedto be dueto the naturalsurfacewind field.

Indeed,non-zerosurfacedivergenceandcirculationareexpectednearcycloneeyes.A por-

tion of thisvariability, however, canbeexplainedby a local increasein geophysicalmodel-

ing error, resultingin alargerCRbound.Indeed,theboundondirectionstandarddeviation

for thepixelsin theareafrom ô 47.5ó to 48.5ó W longitudeis 10ó -20ó , contrastedwith the

5ó -10ó boundin thehomogeneousregions.As seenin thelower imagesin Figure6.10,the
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Figure6.10:SameasFigure6.8 for theregioncontainingthewind directionshift.
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microwave brightnesstemperaturefor ö and ÷ channelsincreasesin both magnitudeand

variability aroundthe wind shift. The featuresseenin the brightnessimageryaredueto

variablecloudinessandsurfaceemissionin the region. Convective clouds,in particular,

causethe fore andaft-looksto view differentliquid watercolumns. Becausethe zeroeth

ordercomponents(5.2)of ø�ù andø�ú aregreatlyaffectedby atmosphericabsorption,differ-

ing cloudcontentin thepathsof thefore-andaft-lookswill resultin unmodeledbrightness

temperaturefluctuations.A portionof thevariability seenin thewind vectormapis dueto

sucheffects.

Furtherinsightinto thenatureof theemissionprocesscanbegainedby considering

thecalibratedconically-scannedbrightnessmapsfrom thePSR10.7and37.0GHz chan-

nelsin Figures6.8(b)-(g),6.9(b)-(g),and6.10(b)-(g).In theregionsof homogeneouswind

(Figures6.8and6.9),theobservedbrightnessfield is seento berelatively uniform. Subtle

maximain ø�ù at both 10.7 and37.0 GHz canbe seenin the upwind directions(+6 km

acrosstrack in Figures6.8(b,e) and-6 km acrosstrack in Figures6.9(b,e)), while subtle

maximain ø�ú canbeseenin thecross-winddirections(0 km acrosstrackin Figures6.8(c,

f) and6.9(c,f)). Thesefeaturesaresimilar to thoseidentifiedin Section3.4.1.Thephase-

quadraturenatureof the ø<û signaturecanbe seenassubtleminima in directions45ü to

the left of the upwind direction (Figures6.8(d ,g)) andmaximain directions45ü to the

right (Figure6.9(d,g)). Wenotethatperturbationsin theverticalandhorizontalbrightness

fields of up to 15 K causedby surfacespatiallyinhomogeneousroughnessand/orclouds

do not significantlyaffect the retrievedfield. It is particularlyimportantto notethatsuch

perturbationsareentirelyabsentin the 10.7and37.0GHz ø û maps.Thus,enhancedre-

gionsof surfaceroughnessand/orcloudsdo not affect the degreeof polarizationor the

orientationof thelinearly-polarizedcomponentof theupwellingradiationfield. It is noted

that throughoutmostof Figures6.8 and6.9, the sky below the aircraft wasundercastto

scattered,indicatingrejectionof muchcloudcover in theretrievedwind fields.

Perhapsthemostobviousandimportantbrightnessfeaturesarethelargeamplitude

brightnessperturbationsin theverticalandhorizontalpolarizedchannelsfor both10.7and
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37.0 GHz nearand duewest of the wind shift in Figures6.10(b-c)and6.10(e-f). Two

isolatedregions extendingover ý 4-8 km are notedwhich causea perturbationof ý 15

K at 10.7 GHz, andhigher ( ý 60-70 K) at 37.0 GHz. A third extendedfeaturewestof

thetwo regionsexhibits perturbationsmostly in the10 GHz channels,suggestingthat the

featuresare the result of an increasein surfaceroughnessat the scaleof approximately

one-halfelectricalwavelength( ý 1.5cm). While thesefeaturesdo affect theretrieval, it is

againnotedthat the þ<ÿ signalremainedcompletely unaffected (Figures6.10(d,g)), with

thewind shift at ý 47.5� W beingclearlyseenasanacross-trackshift in thephaseof the þ ÿ
imagery.

6.5 Discussion

In this chapter, the first useof conically-scannedmicrowave polarimetricimageryof the

oceansurfaceat 10.7,18.7,and37.0GHz to generatehigh-resolutionnear-surfacewind

vectormapsin both oneand two dimensionswasdemonstrated.While a variety of ad

hoc wind vectorretrieval procedurescould be usedto develop the retrieval operator, the

joint maximumlikelihoodestimatorfor wind speedanddirectionderivedhereis bothfast

enoughfor mostoperationalapplicationsandnearlyoptimalbasedon theCR bound. In-

deed,sinceradiometricobservationsnecessarilyrequireintegrationtimesof orderat least

tensof milliseconds,the ML retrieval could easilybe implementedin real time. The es-

timator alsoallows for straightforward adaptationof the weightsassignedto the various

channelsandpolarizationsby theestimatedgeophysicalnoise.Thegeophysicalnoisees-

timateis itself a valuableby-productof theestimationprocessandcanbe furtherusedin

either numericalor qualitative weatheranalysesas a measureof error in the wind vec-

tor retrieval. Application of the ML/ACW techniqueto either full conical scansfor 1-

dimensionalalong-trackretrievalsor partial (sub-swath)scansfor 2-dimensionalmapsis

straightforward.

Comparisonsof theretrievedwind vectormapswith datafrom dropsondessuggest

172



thatusingtheML/ACW techniqueappliedto 10.7,18.7,and37.0GHz full-conicalpolari-

metricscanscanprovideRMSerrorsof
�

10� overfootprintscoveringanareaof aslittle as� 50-100km� . Theretrieval errorusingthetwo-look ML/ACW techniqueis only slightly

worse,but considerablymoresensitive to local inhomogeneityin theupwellingbrightness

field. Thetwo-dimensionalretrieval for thecaseof March7 shows particularlyhigh vari-

ability neara region of major wind shift, an effect possiblyresultingfrom the confused

natureof theseasurfaceat thatlocation.Thetwo-lookretrieval achieveda90%skill in re-

trieving thenon-ambiguouswind direction.Thesuccessof this techniquedemonstratesthe

viability of airborneandspacebornewind vectormappingusingpolarimetricmicrowave

radiometry.
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CHAPTER 7

SimulatedSatelliteRetrievals

This chapterdescribesa seriesof simulatedsatelliteretrievalsof oceansurfacewind vec-

tors. Averageddata from several LabradorSeahex-crosspatternswere usedto simu-

latesatellitebrightnesstemperaturemeasurementsto studythreedifferentsatellitesensor

configurations:(1) tri-polarimetricone-look,(2) dual-polarizationtwo-look, and(3) tri-

polarimetrictwo-look measurements.Additionally, the simulatedradiometricsensitivity

of the tri-polarimetric two-look measurementsis varied to comparethe ML/ACW algo-

rithm performanceto its CRbound.

7.1 DesignConsiderations

Among the variousdesignparametersof a passive wind vectorsatellite,two major deci-

sionsare1) thechoicebetweenamicrowavepolarimeteror adual-polarizationradiometer

and2) thechoiceof usinga one-lookor two-lookscanconfiguration.Theincidenceangle

is also of greatimportancebut is not consideredin this study; the investigationsherein

utilize the SSM/I incidenceangleof 53.1� . Two performancemeasureswerechosento

quantitatively studytheconsequencesof usingaparticulardesign:RMSretrieval errorand

retrieval ambiguity rate. Table7.1 lists the hypothesizedeffectsfor the differentsystem

combinationsbaseduponexaminationof thewind directionharmonics.First, theone-look

dual-polarizationsystem(e.g.,SSM/I) cannotprovide instantaneouswind directionmea-

surements.Theone-lookpolarimetricsystem,ontheotherhand,canyield awind direction



Table7.1: Hypothesizedeffectsof polarizationselectionandnumberof looks on mean
surfacewind vectorretrieval ambiguityandRMSerror.

Dual-polarization Polarimetric

One-look

� No directioninformationin
singlelook of �	� and ��
 � Two/four-fold directional

ambiguity� Highest RMS wind speed
error

� RMS error basedonly on
one-look, therefore weight
adaptationnotpossible� High RMSwind speederror

Two-look

� Two-fold ambiguity � Potentiallyno ambiguity� Lacks �
� for cloudmitiga-
tion, but weightadaptationis
possible

� Wind speedand direction
RMS errors reducedby ad-
ditional information in two
looks, andweight adaptation
is possible

estimatebecausedirectionalinformationis containedin thesinglesampleof �
� (and ��� ),

yet thissystemsuffersfrom two- or four-fold ambiguity. Additionally, theadaptiveweights

algorithmcannotbeappliedto theone-lookretrieval becausea properestimateof mean-

squareerrorcannotbemadewith only onesamplepoint. The two-look dual-polarization

systemmighthave lowerRMSerrorthantheone-lookpolarimetricsystemin clearair, but

is missingthethird andfourth Stokesparameters,which areusefulfor bothcloudmitiga-

tion andbreakingtheinherenttwo-fold ambiguity. Theadaptiveweightingcanbeapplied,

however, to the two-look system.Adding the third (and/orpresumablythefourth) Stokes

parameternot only breaksthetwo-fold ambiguity(becauseof thequadraturephasenature

of the �
� azimuthalsignature),but alsoimprovestheRMS errorbecauseof the informa-

tional contentof theadditionalchannels.

In addition to the quality of retrieved winds, the numberof azimuthallooks will

constrainthe designof the conicalscanneron the satellite,particularlythe placementof

the calibrationambientload and cold spacemirror. If two different azimuth looks are

requiredfor a low-noisemeasurement,thenthecalibrationtargetscanbepositionedto the

sidesof thespacecraftsuchthattheside-lookingazimuthpositionsallow theradiometerto

175



Table7.2: SSM/IandWindSatNyquistspotsizeandtheequivalentPSRhex-crossaperture
size(for a9 km � 15km spot)at 10.7,18.7,and37.0GHz.

SSM/I WindSat PSRhex-cross
f 0.635m aperture 1.93m aperture 9.0km � 15km

(GHz) (km� ) (km� ) (m)
10.7 – 9.1 � 15 1.95
18.7 16 � 26 5.2 � 8.7 1.12
37.0 8.0 � 13 2.6 � 4.4 0.565

view theambientloador coldspaceratherthantheearth.Thisplacement,however, reduces

theswathwidth on ground.If, on theotherhand,only onelook is deemednecessary, then

the calibrationlooks could be placedin oneof the scanquadrants(suchis proposedfor

WindSat[17]) or in theback-mostportionof thescan(effectively, anSSM/Iscangeometry

with anextendedazimuthrangeandpolarimetricchannels).

7.2 Simulations

A seriesof satelliteretrieval simulationswasperformedto quantifytheeffectsof polariza-

tion selectionandthechoiceof aone-or two-looksystem.UsingLabradorSeadata,three

differentdesigncaseswereinvestigated:(1) tri-polarimetrictwo-look,(2) dual-polarization

two-look,and(3) tri-polarimetricone-look.Thedual-polarizationone-lookcase(e.g.,the

SSM/I configuration)wasnot investigatedbecausewind directioninformationcannotbe

extractedfrom suchmeasurements.

TheSSM/I [32] andWindSat[17] instrumentswereusedassatellitesensormodels

onwhichto basethesimulation.TheSSM/IandWindSataltitudeis nominally830km, the

surfaceincidenceangleis 53.1� , andtheaperturesizesare63.5cmand1.93m, respectively.

Table7.2 lists the spotsizes(assumingNyquist angularsampling)for both instruments.

TheSSM/I spotsizesrangefrom (16 km � 26 km) at 18.7GHz to (8.0 km � 13 km) at

37.0GHz. For WindSat,thespotsizesrangefrom (9.1km � 15 km) at 10.7GHz to (2.6
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Table7.3: Fourdatasetsusedto studythethreesatellitedesigncases.

DataSet Date Time Wind Speed Wind Direction
# (UTC) (ms�	� ) (deg)
1 March3 1344-1423 13.6 314
2 March4 1502-1557 15.9 270
3 March7 1638-1728 12.0 351
4 March7 1731-1823 14.0 345

km � 4.4 km) at 37.0 GHz. The sensitivities for SSM/I andWindSatare � 0.35 K and� 0.2-0.3K (planned),respectively.

PSRstraight-and-level flight data(i.e., thehex-crossandpatrols)wereusedto gen-

eratethe simulatedsatellitebrightnesstemperaturemeasurements.Averagingazimuthal

scandatainto 10� binsgathereda sufficient numberof pixels to cover a (9 km � 15 km)

footprint for eachbin. Theequivalentsatelliteaperturediametersneededto obtainthisspot

sizefrom an830km altitudeata53.1� incidenceanglearelistedin Table7.2for 10.7,18.7,

and37.0GHz. Theaperturediameterrangesfrom 1.95m at 10.7GHz to 56.5cm at 37.0

GHz andspansthe aperturedimensionsof both theSSM/I andWindSatinstruments.To

generatethesimulatedmeasurements� 800PSRsampleswereaveragedfor eachazimuth

bin for a total integrationtimeof 6.4secfor theanalogchannelsand12.8secfor thedigital

channels.The equivalentradiometricsensitivity was � 0.03K. Pseudo-randomGaussian

noiseof standarddeviation 0.246K was addedin a Monte-Carlofashionto effectively

degradethesensitivity to � 0.25K.

Foursuchdatasetsweregeneratedto testthethreesatellitedesigncases.Thewind

statesof eachsetasmeasuredby theKnorr arelistedin Table7.3. Dataset1 is usedasa

representativesetin thischapter;theresultsfor all four datasetscanbefoundin Appendix

D. Extrageophysicalmodelingerrorwasnotaddedto thedata,ratherthenaturalvariations

observed during the hex-crosspatternswere retainedto model the effect of geophysical

noiseasaveragedover a satellite-scalefootprint. To properlycover thepossiblecombina-

tionsof relative wind directionandazimuthlook angle,severalcombinationsfor eachof
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Table7.4: Observationparametersusedto studythethreesatellitedesigncases.

Design Aircraft Heading Azimuth Look-Angles Total Numberof
Configuration w.r.t. Wind Direction w.r.t. Aircraft Heading Monte-CarloTrials

1) Two-looks 0� , 60� , 120� (0� ,180� ) (45� ,135� ) 135
Tri-polarimetric (-45� , -135� )

2) Two-looks 0� , 60� , 120� (0� ,180� ) (45� ,135� ) 135
Dual-polarization (-45� , -135� )

3) One-look N/A 0� , 45� , 90� , 135� , 120
Tri-polarimetric 180� , 225� , 270� , 315�

the threecaseswereconsidered.Theobservationparametersarelisted in Table7.4. The

simulationswere run in a Monte-Carlofashionby addingpseudo-randomobservational

noisewith 15 trials for eachaircraftheadingandlook anglecombination.Assemblingthe

outputof thefour setsproduceda total of 540trials eachfor designcases1 and2 and480

trials for case3.

The objective function (6.9) inherentlyhasseveral minima, one of which is the

global minimum (i.e., the ML solution). A search,therefore,is requiredto find anddis-

tinguishthedifferentpossiblepointsof convergence.An exhaustive searchis impractical

becauseof theextremelylargenumberof requiredobjective functionevaluations.For ex-

ample,to searchover wind direction(0� to 360� ) with 1� resolution,wind speed(0 ms���
to 30 ms��� ) with 0.1ms�	� resolution,andatmospherictransmissivity (0 to 1) with 0.001

resolutionwould require �����! "�����! $# �����!%&# ��'! $# ��( functionevaluations.(Notethat

this doesnot even includeiterationfor channelweightadaptation).Thus,thesearchwas

implementedusinga quasi-Newton methodby initializing theretrieval minimizationwith

four differentinitial guessesof wind direction: 0� , 90� , 180� and270� . Themultiple ini-

tial guessesareusedto seedthealgorithmat differentpointssothatall theminimaof the

objectivefunctioncanbefound.Four initial guesseswereusedbecausetheobjectivefunc-

tion typically hasonly two minima,aswasempiricallydetermined.This searchtechnique

is significantly more efficient than exhaustive searchingrequiring only ) 1400 function
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evaluationsfor the full ML/ACW algorithmwith the four-fold solutionsearch. The the

resultingminima arerecordedalongwith the respective valuesof the objective function.

TheML solutionis foundby choosingthewind directionthathasthesmallestcorrespond-

ing valueof theobjective functionfrom amongthefour solutions.Theremainingsolution

arespuriousor ambiguousresults. The 12 plots in Figure7.1 show the four-fold search

resultsfor eachof thethreedesigncasesof dataset1. (Theresultsfor datasets2-4 canbe

found in AppendixD.) Note that theseresultsaregivenprior to ambiguityremoval. The

ML solutionsareplottedaslinespointing in theupwinddirectionandspurioussolutions

(causedby convergenceat local minima)areplottedasindividual points. Thepercentage

of ML solutionsfor a particularinitial guessis printedabove eachplot. For cases1 and

2 (Figure7.1(a-b)),the majority of ML solutionsarearrived at by usingan initial guess

closeto thetruewind direction.This characteristicindicatesthattheincorrectwind direc-

tions aremerely local minima andthat the four-fold searchmethodsuccessfullyextracts

the trueML estimates.The low ambiguityrateexpectedfor case1 is apparentin that the

ML solutionsarenearthecorrectdirection.Thehigherambiguitypercentagefor case2 is

clearlyevidencedby theclusterof ML solutionsin severalincorrectdirections.For design

case3 (Figure7.1(c)), the ML solutionsarealmostequallydistributedbetweenthe four

initial guesses.Many (but not a majority) of the ML solutions,however, indicatedirec-

tionsotherthanthetruedirection(i.e.,ambiguoussolutions),asexpectedfor theone-look

configuration.

TheML solutionsfrom Figure7.1thatindicatethewrongwind directionarecalled

identifiedambiguities. Many of the identifiedambiguitiesdisplayedin Figure7.1 were

removedusingtheambiguityremoval proceduredescribedin Section6.4.2and[27]. The

procedureis asfollows. An ML solutionis saidto beambiguousif its directionliesoutside

a specifiedwindow. For anoperationalsatellitealgorithm,thewidth of thewindow could

be basedon the expectedRMS retrieval accuracy. The centerof the window would ide-

ally be the truewind direction,however, in practicethetruewind directionis not known.

Operationally, the output of a medianfilter appliedto the retrieved wind field could be
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Figure 7.1: Resultsof the four-fold searchfor ML solutionsbeforeambiguity removal
for dataset1 (March3, 1344-1423UTC). The trueML solutionsareplottedaslinesand
thelocal-minimasolutionsdenotedby individual points.TheML solutionis thatsolution
chosenfrom amongthe four initial guesseswith the smallestcorrespondingvalueof the
objective function.
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used. Provided that morethan50% of the retrieved wind directionsarecorrect,the me-

dian filter would producea reasonableestimatefor the window center. Othersourcesof

datafor determiningthewindow centerincludenumericalweatherpredictionmodelsand

climatology. Using thesesources,however, would biasthe retrieval to mimic the model

output.For thesesatellitesimulations,thewidth of theacceptancewindow wassetto *,+�-�.
with respectto thetruewind directionasmeasuredby theKnorr. Thefinal retrievedwind

vectorsafterambiguityremoval aregivenin Figure7.2for thefour initial guessdirections.

(The resultsfor datasets2-4 canbe found in AppendixD.) The acceptedML solutions

andchosenambiguitiesareplottedaslinesandtherejectedsolutionsaspoints. Accepted

ML solutionsarethosethat fall within the30. window aboutthetruewind direction. For

thoseML solutionsthatfall outsidethewindow, thelocal-minimasolutionsweretestedto

determineif any werewithin theacceptancewindow. Thoselocal-minimasolutionsfalling

within the window arecalledchosenambiguities.The final wind directionis theneither

anacceptedML solutionor chosenambiguity. Thepercentageof final wind directionsfor

eachinitial guessis printedabove eachplot. Case1 provided very few ambiguities,as

evidencedby thesimilarity of Figure7.2(a)andFigure7.1(a).As seenin Figure7.2(b-c),

theambiguityremoval procedure,however, significantlyimprovedtheretrieval quality of

designcases2 and3. In case3 the majority of the retrieved directionswerefound from

theinitial guessesclosestto thetruewind directiononly afterambiguityremoval (seeFig-

ure7.2(c)andFigure7.1(c)). Note that thereareseveral instancesin Figure7.1(c)where

theretrieval algorithmandambiguityremoval procedurefailedto arriveat thecorrectwind

direction.Thoseretrievalsthatdonotprovideavalid ML solutionnoranacceptablelocal-

minima solutionarecasesof unresolved ambiguities. Theseunresolved ambiguities,or

outliers,areobviouslyundesirableandthesatellitedesignshouldbechosenaccordingly.

Table7.5 lists, for the four simulateddatasets,the solutiondistribution over the

four initial guessesandtheambiguityrates.The postambiguityremoval (PAR) distribu-

tion indicatestheportionof thecombinedacceptedML solutionsandresolvedambiguities

arisingfrom eachof the four initial guessdirections.The identifiedambiguityrateis the
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Figure7.2: Four-fold searchresultsafterambiguityselection.TheacceptedML solutions
andchosenambiguitiesareplottedaslinesandtherejectedsolutionsaspoints.
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Table7.5: Retrieved directiondistribution andambiguitystatisticsof the four datasets.
The two distributionslistedarethestrict ML solutiondistribution andthepost-ambiguity
removal (PAR) distribution. The PAR distribution indicatesthe portion of combinedac-
ceptedML solutionsandresolvedambiguitiesarisingfrom thefour initial guessdirections.

Data Initial GuessDirection % Identified % Resolved
Set 0/ 90/ 180/ 270/ Ambiguities Ambiguities

(%) (%) (%) (%) (%) (%)

Case1:
two-
look,

tri-pol.

1
ML 41.5 14.1 12.6 31.9

1.5 100PAR 40.7 14.1 13.3 31.9

2
ML 23.0 13.3 24.4 39.3

0 -
PAR ” ” ” ”

3
ML 31.9 23.7 14.1 30.4

0 -
PAR ” ” ” ”

4
ML 32.6 26.7 11.9 28.9

0 -
PAR ” ” ” ”

average 0.4 100

Case2:
two-
look,

dual-pol.

1
ML 40.0 18.5 13.3 28.1

18.5 96.0PAR 43.7 12.6 6.7 37.0

2
ML 26.7 17.8 8.9 46.7

31.1 95.2PAR 23.0 0.0 12.6 64.4

3
ML 34.8 17.8 14.8 32.6

11.1 100PAR 42.2 17.8 9.6 30.4

4
ML 40.0 20.7 13.3 25.9

20.7 64.3PAR 44.4 17.8 8.1 29.6
average 20.4 88.9

Case3:
one-
look,

tri-pol.

1
ML 22.5 25.8 26.7 25.0

49.2 83.1PAR 35.8 16.7 11.7 35.8

2
ML 23.3 16.7 20.8 39.2

29.2 97.1PAR 17.5 6.7 17.5 58.3

3
ML 19.2 29.2 26.7 25.0

32.5 100PAR 37.5 23.3 16.7 22.5

4
ML 30.8 20.0 20.8 28.3

38.3 89.1PAR 50.8 13.3 9.2 26.7
average 37.3 92.3
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ratio of rejectedML solutions(thosefalling outsidethe 300 acceptancewindow) to the

total numberof retrievals. The resolvedambiguityrateis the ratio of chosenambiguities

to thetotal numberof rejectedML solutions.Thetwo-look polarimeter(case1) produces

thefewestidentifiedambiguities;in fact,theonly ambiguitiesretrievedfor this casewere

in dataset1 and100%of thesewereresolved. Becauseof the few numberof ambigui-

ties,thesolutiondistributionoverthefour initial guessesremainedrelatively constant.The

two-look dual-polarizationsystem(case2) performedreasonablywell with a 1 10-30%

identifiedambiguityrate. Of thosedirectionslabeledasambiguoustypically 2 95%were

resolved,exceptfor dataset4, in which only 1 66%wereresolved.Theunresolvedambi-

guitiesin dataset4 were 1 750 away from thetruewind directionandcouldbetheresult

of a systematicretrieval biasdueto geophysicalmodelingerror. ThePAR distribution for

case2 showsanincreasenumberof solutionsarisingfrom theinitial guessdirectionsclose

to the true wind direction. Even thoughthe one-lookpolarimetricsystem(case3) hasa

relatively high identifiedambiguity rateof 1 30-50%,the removal procedureis on aver-

agecapableof resolving89% of the ambiguities,leaving only 11% uncorrected.Again,

thePAR distribution indicatesthat initial guessdirectionscloseto thetruewind direction

producemostof theacceptedsolutions.

The final retrievalsof dataset1 aredisplayedasscatterplots in Figure7.3. (The

resultsfor datasets2-4 canbefoundin AppendixD.) Thefinal solutions(afterambiguity

removal) areplottedasindividualpointsandtheunresolvedambiguitiesareplottedasx’s.

Thearrow indicatesthemeanretrievedwind vector. The1-, 2-, and3-3 contoursof afitted

Gaussian(ignoringunresolvedambiguities)areplottedfor reference.Theoutcomesof all

threecaseshave similar meanwind vectors.The retrievedwind vectordistributionstend

to clusteralonga line or anarcof constantradius,indicatinga relatively smallwind speed

variancebut a largerwind directionvariance.While thewind speedvariancesaresimilar

for all threecases,thedirectionvariancebecomesprogressively largermoving from case1

to 3 (asindicatedby theGaussiancontours).Theerrorstatisticsof thefinal retrieval sets

arepresentedin Table7.6. Unresolvedambiguitieswerenot includedin thecalculationof
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Figure 7.3: Scatterplots of final retrieved wind vectorsfor dataset 1 (March 3, 1344-
1423UTC). Thefinal solutions(afterambiguityremoval) areplottedasindividual points.
The unresolved ambiguitiesare plotted as x’s. The 1-, 2-, and 3-4 contoursof a fitted
Gaussian(ignoringunresolvedambiguities)areplottedfor reference.Themeanretrieved
wind vectoris plottedasanarrow.

Table7.6: Retrievedwind vectorstatisticsfor thefour datasetsand3 designcases.

Data 5 67�8
9 5 6:�; < 9 MeanError RMSError
Set deg (ms= ; ) deg (ms= ; ) deg (ms= ; )

Case1:
two-
look,

tri-pol.

1 319.2 (13.5) 5.2 (-0.1) 8.3 (1.0)
2 267.3 (15.9) -2.7 (-0.0) 7.7 (1.0)
3 348.8 (12.0) -2.2 (0.0) 8.5 (0.7)
4 342.4 (13.9) -2.6 (-0.1) 8.9 (0.6)

mean - - - - 8.4 (0.8)

Case2:
two-
look,

dual-pol.

1 318.8 (13.0) 4.8 (-0.6) 14.7 (1.5)
2 265.1 (15.8) -4.9 (-0.1) 11.7 (1.0)
3 350.2 (11.8) -0.8 (-0.2) 9.3 (0.8)
4 344.6 (13.6) -0.4 (-0.4) 14.7 (0.8)

mean - - - - 12.6 (1.0)

Case3:
one-
look,

tri-pol.

1 316.3 (12.7) 2.3 (-0.9) 14.7 (1.7)
2 267.8 (15.4) -2.2 (-0.6) 11.9 (1.7)
3 347.5 (11.3) -3.5 (-0.6) 14.5 (1.5)
4 343.6 (13.7) -1.4 (-0.3) 14.8 (1.3)

mean - - - - 14.0 (1.6)
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theretrieval statistics.As expected,case1 is bestin noiseperformanceexhibiting average

RMS error of 8.4> (0.8 ms?�@ ). Cases2 and3 arecomparablein retrieval accuracy and

have RMS errorsof 12.6> (1.0ms?�@ ) and14.0> (1.6 ms?	@ ), respectively. TheRMS wind

speedaccuracy for designcases1 and2 is A 1 ms?	@ , whichis half of the B 2 ms?	@ accuracy

achievedwithoutdirectionalinformation[28,52,66]. Indeed,wind speedaccuracy of A 1.7

ms?	@ occursin the caseswith theworst RMS directionerror, suggestingthatknowledge

of wind directionto C 15> cansignificantlyenhancethe wind speedmeasurementsmade

by radiometers.Notethat thewind directionbiasesareconsistentin signacrossall cases.

Thesesmall biasesD 5> could be causedby errorsin the Knorr wind sensorandthe P-3

navigationsystem.It is notablethatthebiasesarenegative,exceptfor dataset1; however,

theKnorr wind sensorwasmalfunctioningduringdataset1 andthestatedwind direction

wasestimatedby thesciencecrew. Theconsistency in thesignof thebiasessuggeststhe

presenceof a heightdependencein the wind directionof B 2> per 20 m (the Knorr wind

sensorwas B 20 m abovemeansealevel). Sucha dependencecouldbetheresultof either

a local boundarylayer gradientor possiblyEckmanrotation[34]. Althoughprovocative,

thesemeasurementsarenotcomprehensiveenoughto makeastatementasto thegenerality

of awind directionbiasin remotelysensedmeasurements.

Theprevioussimulationsusedafixedradiometricsensitivity of EGF�H�I,J!KML�N O�P K.

Theactualvalueof EGF H�I,J significantlyaffectstheRMS retrieval error. In orderto study

therelationshipbetweenRMSdirectionerrorand EGF H�I,J thetwo-lookpolarimeterdesign

casewasusedfor threecombinationsof differentfrequency channels:1) 10.7,18.71 and

37.0GHz; 2) 10.7and18.7GHz; and3) 10.7and37.0GHz. Theradiometricsensitivities

of the channelsweresimultaneouslyvariedfrom 0 K to 2 K in 0.25K increments.The

resultsof dataset2 at a simulatedheadingof 90> with respectto wind directionandaz-

imuth look anglepairsof (-45> , 135> ), (0> , 180> ), and(45> , 135> ) areplottedin Figure7.4.

For all threechannelsets,boththesimulatedstandarddeviationsandtheCRboundexhibit

a sensingthresholdof EGF H�I,J BRQ�N Q K. That is, the wind directionstandarddeviation
1K-band S�T looksweregeneratedby averagingthe10.7and37.0GHz data.
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Figure7.4: Sensitivity of retrieved wind directionto XGY�Z�[,\ . Theseresultsarefor data
set2 at a simulatedheadingof 90] with respectto wind directionandazimuthlook angle
pairsof (-45] , 135] ), (0] , 180] ), and(45] , 135] ). The threechannelcombinationsare(a)
10.7,18.7and37.0GHz; (b) 10.7and18.7GHz;and(c) 10.7and37.0GHz. Theretrieval
standarddeviationsareplottedasx’sandtheCRboundonthedirectionstandarddeviation
is plottedasasolid line for comparison.
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rapidly increasesfor radiometernoiselevels beyond this threshold.The thresholdeffect

is analogousto the detectionthresholdin FM or phasedemodulation[62]. For valuesof^`_
acbedgfihcj k
K, the retrieval standarddeviation is closethe CR bound. The retrieval

requiresa maximumallowable
^G_�a�b,d

of l 1 K in order that the directionstandardde-

viation remain mon�p q . The channelsetswith the 37.0 GHz bandperformedbetterthan

theothersetbecauseof thelargeamplitudeof the37.0GHz azimuthalharmonics.Under

conditionsof highatmosphericloss(e.g.,convection),however, theimportanceof the37.0

GHzbandis expectedto diminish,whereasthe10.7GHz bandis expectedto berelatively

unaffected. ComparingFigures7.4(a)and7.4(c), the utility of the 18.7GHz channelsis

relatively small,increasingtherequired̂
G_�a�b,d

for aCR errorboundof 15q from l 1.2K

(c) to l 1.3K (a). Thus,thesatellitedesignermustconsidercarefullythevalue-addedcost

andcomplexity of anadditionalpolarimeterat 18.7GHz.

In summary, the simulatedretrievals supportthe hypothesesstatedin Table 7.1.

Averagerankingsof thethreedesigncasesover thefour datasetsareasfollows(from best

to worst):r Identifiedambiguityrate:Case1 (0.4%),Case2 (20.4%),Case3 (37.3%)r Resolvedambiguityrate:Case1 (100%),Case3 (92.3%),Case2 (88.9%)r RMSwind directionerror: Case1 (8.4q ), Case2 (12.6q ), Case3 (14.0q )r RMSwind speederror: Case1 (0.8mss	t ), Case2 (1.0mss	t ), Case3 (1.6mss	t )
It shouldbe notedthat the above RMS error resultsmight be optimistic for the two-look

dual-polarizationradiometer(case2) becausethesimulationsdid not includetheeffect of

significantgeophysicalmodelingerrorscausedby cloudsandconvection.Dependingupon

theoperationalrequirements,theone-lookpolarimetermight beacceptable;however, the

two-lookpolarimetricconfigurationsurpassestheperformanceof theotherdesigns.
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CHAPTER 8

Conclusions

A systemfor high-resolutionmappingof oceansurfacewind vectorsusing passive mi-

crowave polarimetrywaspresentedin this thesis.As a centralcomponentof this system,

the PSRwas the first technologydemonstrationof a digital correlationpolarimeter. A

novel unpolarizedtwo-look calibrationmethodwasdevelopedandsuccessfullyappliedto

the PSRLabradorSeaflight data. Observationsusingthe PSRonboardthe NASA P3-B

researchaircraft resultedin the first two-dimensionalsurfacewind fields retrieved from

multibandpolarimetricmicrowave imageryof oceansurfaceemission.Theretrievalswere

basedon anempiricalGMF derivedfrom averagedbrightnessvariationsobtainedat wind

speedsfrom 0.4to 16msu	v . TheGMF agreeswell with two independentinvestigationsof

brightnessvariationsasobservedfrom satellites.Theretrieval resultscomparedwell with

dropsondemeasurementsandEta modeloutput. Comparisonof the retrieval statisticsto

its CR boundrevealthecapabilitiesandlimitationsof theML/ACW algorithmfor retriev-

ing wind directionsfrom two-look observationsover homogeneouscloudsandconvective

regions. Simulatedsatelliteretrievals wereconductedto study the performanceof three

spaceborneradiometer/polarimeterconfigurations.Basedon quantitative results,thetwo-

look polarimeterwasconcludedto bethebestdesignchoice.Theconclusionsdrawn from

this work will advancetechniquesin passivemicrowavepolarimetryfor remotesensingof

oceanwinds.



8.1 Summary of Thesis

Thedigital correlationpolarimeterwasdevelopedin Chapter2 andtheassociatedhardware

andcalibrationwerepresentedin Chapters3 and4. Thepolarimeterusedahigh-speeddig-

ital correlatorto performthecorrelationsnecessaryto measurethethird Stokesparameter.

Therelationshipsbetweenthesignalinputstatisticsandthecorrelatoroutputswerederived

andusedto computetheassociatedradiometricsensitivities. In practice,theactualw`x
ycze{
valueswere | 2 timesthefundamentallimit. Systematicerrorsdueto systemnonidealities

andtheir mitigation throughdesignandcalibrationwerealsodiscussed.A novel calibra-

tion techniquefor the third Stokesparameterchannelthatusesthehot andambientloads

waspresentedandappliedto thePSRflight data.A fully polarimetriccalibrationstandard

wasutilized to verify theeffectivenessof thetechniqueandtheabsolutecalibrationof the

U-channelwasfoundto be |~}�� � K.

Thedigital polarimeteris a viablealternative to analogsystemsthat requirecom-

prehensive in-situ calibration. Although the gainsof the PSRcorrelatorswerenonideal

andlessthanunity, thepotentialcausesandtheir relative importancewereidentifiedin the

analysesof Chapter2. The ability to compensatefor the correlationoffsetswithout the

useof a polarizedcalibrationstandardis anextremelydesirablefeaturefor spaceapplica-

tions. Theuseof digital correlationin spacebecomesmorepracticalwith time asdigital

integratedcircuit sizesdecreaseandspeedsincrease.

ThePSRwasusedto obtainthefirst multibandpolarimetricimageryof oceansur-

faceemissionduringtheLabradorSeaexperiment.As describedin Chapter3, theimagery

containsboththesubtle,yet systematic,wind directionsignatureaswell asbrightnessin-

homogeneities.Theinhomogeneitiesarepresentin x�� and x
� imageryandaretypically a

few km in sizeanda few Kelvin is amplitude.The x
� imageryis quitesystematic,lacking

theinhomogeneouscharacteristic.Theobservedbrightnessvariationsarehypothesizedto

arisefrom bothsurfaceroughnessandcloudliquid watervariations.

UsingLabradorSeameasurements,anempiricalGMF for brightnesstemperature

over theoceanwasdescribedin Chapter5. Themodelcontainsboth theazimuthalwind
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directionharmonicsand the azimuthally-averagedzeroeth-ordercomponents.The first-

andsecond-orderharmonicamplitudecoefficientsof the wind directionharmonicswere

measuredat wind speedsfrom 0.4 through16 ms��� . The ��� and ��� resultsarecompa-

rableto thoseobtainedusingtheSSM/I satelliteradiometer[66], thuscorroboratingboth

measurementtechniques.The �
� resultsaresomewhatcomparableto recentlypublished

fixed-beamradiometeraircraftobservations[69]. Thedifferencesbetweenthesatelliteand

aircraftmeasurementsof thefirst threeStokesparameterssuggestthatadditionalprocesses

beyond surfacewind speedhave an influenceuponthe brightnesstemperatureharmonic

amplitudes. While the wind speedis fairly well correlatedto the harmonicamplitudes,

processesthatdrivetheoceanwavespectraldevelopmentsuchasfetchandboundarylayer

instability might becontributing factorsto theenvironmentaldependenceof theazimuthal

signatures.Nonetheless,theGMF’s consistency with theotherobservationsandits fairly

high correlationwith wind speedis sufficient for meaningfulwind directionretrievals in

Chapter6.

Thefirstuseof conically-scannedmicrowavepolarimetricimageryof theoceansur-

faceat10.7,18.7,and37.0GHzto generatehigh-resolutionnear-surfacewind vectormaps

wasdemonstratedin Chapter6. While a varietyof ad hoc wind vectorretrieval methods

couldbe used,the ML/ACW estimatorhastwo distinct anddesirablecharacteristics:(1)

theability to adaptively modify thechannelweightsbasedon theobservedprocessvaria-

tion and(2) theavailability of ananalyticCRbound.TheML/ACW algorithmwasapplied

to fore-andaft-lookPSRimageryin bothfull-conical andtwo-lookmodesto generatethe

first one-andtwo-dimensionalpassive microwave wind vectormaps,respectively. Com-

parisonsof the retrievedwind vectormapswith dropsondemeasurementsandEta model

output suggestthat using the ML/ACW techniqueappliedto 10.7, 18.7, and 37.0 GHz

full-conical polarimetricscanscanprovide RMS errorsof � 10� over footprintscovering

anareaof aslittle as � 50-100km� . Theretrieval errorusingthetwo-lookML/ACW tech-

niqueis only slightly worse,but considerablymoresensitive to local inhomogeneityin the

upwelling brightnessfield. The two-dimensionalretrieval for the caseof March 7 shows
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particularlyhigh variability neara region of majorwind shift, aneffect possiblyresulting

from theconfusednatureof theseasurface.Thetwo-lookretrieval achieveda90%skill in

retrieving thenon-ambiguouswind direction.

A byproductof the ACW techniqueis an estimateof geophysicalmodelingerror

variance.This errorestimatecanbeusedto studytherelative informationalcontentof the

variouschannels,andclearlyrevealstheutility of thethird Stokesparameteroverconvec-

tion. Thealgorithmweightedall channelsnearlyequallyover thehomogeneousregionsof

theflight track. In thevicinity of thelargebrightnessfeaturesnearthewind shift, however,

the relative weight of the 37.0GHz �
� channelwasincreasedby over an orderof mag-

nitude,andlessso for the 10.7 GHz � � channel.The smallerincreaseof the 10.7GHz

channelwasexpectedbecauselossesdueto cloudsandtheatmospherearelessat thelower

frequency thanat37.0GHz. Thesmallerincreaseof thischannel’sweightoverits compan-

ion �	� and ��� channelsalsosuggeststhatanX-bandpolarimeteris usefulfor probingthe

surfaceundercloudyandconvective conditionsthatwould otherwiseobscurethesurface

at Ka-band.

Simulatedsatellite retrievals were conductedto study the performanceof three

spaceborneradiometer/polarimeterconfigurations:(1) tri-polarimetrictwo-look, (2) dual-

polarizationtwo-look,and(3) tri-polarimetricone-looksystems.Theidentifiedambiguity

rateandtheRMSdirectionerrorwereusedasquantitativeperformancemeasuresto judge

eachsystem.Basedon thesequantitative results,thetwo-look polarimeterwasconcluded

to be thebestdesignchoice. Sensitivity studiessuggestthat theML/ACW algorithmap-

plied to two-look polarimetricdataapproachesthe CR boundto within a few degrees.

Coupledwith theretrieval resultsof Chapter6, thesimulationssuggestthatsucha space-

bornesensorshouldbeableto remotelysenseoceansurfacewindswith anRMS errorof� 10-20� with fewer than � 10%ambiguities.
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8.2 Suggestionsfor Futur eResearch

This thesishasconcentratedondevelopingtechnologyandtechniquesfor theremotesens-

ing of oceansurfacewinds by passive microwave polarimetry. However, the systemand

algorithmspresentedhereareexpectedto benefitfurther investigationsandadvancements

in threeareas:1) technologydevelopmentfor aspace-qualifieddigital correlationpolarime-

ter, 2) betterunderstandingof unmodeledgeophysicalprocessesthat influencethepassive

wind directionsignature,and3) thedevelopmentof anoperationalpassivemicrowavewind

vectorretrieval algorithm.

Theoperationof thePSRindicatesthataccurateandrelatively low noisemeasure-

mentsof thethird Stokesparametercanindeedbemadeby digital correlationpolarimeters.

Efforts neededfor further developmentof a space-qualifieddigital correlatorinclude(1)

low-power andhigh-speeddigital circuits, (2) high-speed,low-noiseandprecisionthree-

level A/D converters,and(3) integrationof theRF, IF, anddigital subsystemsinto amixed-

signalIC or multi-chipmodule(MCM). Muchof this technologyis availableandis usedin

commercialandconsumerproductssuchas(1) singlechip superheterodynereceiversfor

cellularphones,(2) high-speedA/D convertersfor widebanddigital communications,and

(3) high-densitymixedpackagingof digital andanalogcomponents(for examplein alpha-

numericpagers).Thegreatestchallengeis thequalificationof thesetechnologiesfor space

applications.With thegrowth of satellitebasedcellularsystems,however, spacequalified

componentsusedfor digital communicationsareexpectedto becomeubiquitous.This in-

vestmentby the telecommunicationsindustryshouldbe leveragedfor thedevelopmentof

satellitebasedsensors.

Thedifferencesof thePSRGMF andsatellitemeasurementsindicatethatgeophys-

ical processesother than just wind speedareaffecting the passive wind directionsigna-

ture.Additional aircraftmeasurementsareneededto studythis problem.Theexperiments

shouldtargettheeffectsof at leastthefollowing parameters:� Fetch: Overflightsof buoys at varyingdistancesfrom the shorecanprovide obser-
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vationsof varying fetch. Oneof the importanteffectsof fetch is the evolution of

longwavesfrom nonlinearinteractionbetweenshorterwaves[43]. Spectralinforma-

tion abouttheoceanlongwavescanbeobtainedfrom NDBC buoys andtheROWS

radar[63].� Stability: Overflightsof buoysunderstableandunstableatmosphericconditionscan

provide observationsuseful for determiningthe effect on the azimuthalbrightness

signature.Coincidentmeasurementsby dropsondeswill be useful for determining

theboundarylayertemperatureandhumidity profile.

A concertedeffort shouldbemadeto choosesitesat which theconditionsareessentially

steady-state.For example,an abrupttemporalchangein wind direction(perhapsdueto

a frontal passage)is not desirablebecausethelongwave spectrumcouldbebi-modal,and

thustheeffectsof longwaveamplitudemightnotbeclearlydiscernible.Theflightsshould

alsobeplannedto decoupletheparametersunderstudyasmuchaspossible.

Theretrievalalgorithmpresentedhasthetwo desirablefeaturesof (i) adaptivechan-

nel weights techniqueand (ii) a closed-formCramer-Rao error bound. The technique,

however, operatesonsinglepixelsor wind cells,whichareinherentlycoupledby fluid dy-

namics.Linearandnonlineartechniquesalongwith coupledocean-atmosphericnumerical

weathermodelscouldbeusedto exploit thecorrelationsbetweenadjacentcellsasgoverned

by thenaturalvariability of nearsurfacedivergenceandvorticity fields.
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APPENDIX A

Corr elation Coefficient Inversion

Thedigital correlationcoefficient canbecomputedby thefollowing:� � ���M�c� � �c� �	�¡ ¢~£¥¤ ��� � ¦ � § �c� � ¦ � ¨ ©�ª «
¬ £¥¤ ��� � ¦ ��§ ­®��� � ¦ � ¨ ©�ª «
¬£�¤ ­®��� � ¦ � § �c� � ¦ � ¨ ©�ª «
¬ £¥¤ ­,�c� � ¦ � § ­,�c� � ¦ � ¨ ©�ª «¥¯�©�ª (A.1)

Symmetryof theGaussianprobabilitydensityfunctionallowsusto write:� � ���~°��c� � ��� ���$ ¢~£¥¤ ��� � ¦ � § ��� � ¦ � ¨ ©�ª «
¬ £¥¤ ��� � ¦ � § ­,�c� � ¦ � ¨ ©�ª «¥¯�©�ª (A.2)

Thefunction ��� � ��� � £¥¤ ��� � ¦ � § ��� � ¦ � ¨ ©c« is recognizedasthebivariatenormalpdf [1, (26.3.1)]:± ¤ ¦ � § ¦ � ¨ ©c«²� ³° ´¶µ ³ ­$©�·²¸ ¹�º¡» ­ ¦ ·� ­$°�©�¦ � ¦ � ¬$¦ ·�° ¤ ³ ­$© · «½¼ (A.3)

Rewriting theexpressionfor � � � usingthebivariatenormalpdf yields:� � � �~°²�  ¢ ± ¤ ¦ � § ¦ � ¨ © ª «
¬¾± ¤ ¦ � § ­,¦ � ¨ © ª «¥¯�© ª (A.4)

The task at handis to expandthe integrandin a Taylor seriesand then integrate. The

integrandof theabove is ¿
¤ ©�ª «²�~° ± ¤ ¦ � § ¦ � ¨ ©�ª «
¬À° ± ¤ ¦ � § ­®¦ � ¨ ©�ª « (A.5)

Thiscanbeexpandedin aTaylorseriesin termsof © ª :¿
¤ ©�ª «²�

¿
¤ Á «
¬

¿cÂ Ã Ä
¤ Á «c©�ª�¬i³°cÅ

¿cÂ · Ä ¤ Á «�©�ª Æ�¬o³Ç Å
¿cÂ È Ä
¤ Á «c©�ª É¥¬i³Ê Å

¿�Â Ë Ä
¤ Á «c©�ª Ì�¬gÍ Í Í (A.6)



Thealgebrainvolving thederivativesis quitecumbersomeandthecomputeralgebrapack-

ageMapleV wasusedto evaluatethederivatives.ThesederivativesareÎÎ	Ï	Ð
Ñ Ò Ó Ô Ò Õ Ô ÏcÖ ×××× Ø Ù	ÚÜÛ Ð
Ñ Ò Ó Ô Ò Õ Ô Ý Ö Ò Ó Ò Õ (A.7)Î	ÞÎ	Ï Þ Ð
Ñ Ò Ó Ô Ò Õ Ô ÏcÖ ×××× Ø Ù	Ú Û Ð
Ñ Ò Ó Ô Ò Õ Ô Ý Ö²ß Ò ÞÓÜàgá â ß Ò ÞÕÜàgá â (A.8)Î	ãÎ	Ï ã Ð
Ñ Ò Ó Ô Ò Õ Ô ÏcÖ ×××× Ø Ù	Ú Û Ð
Ñ Ò Ó Ô Ò Õ Ô Ý Ö ß ä Ò Ó à Ò ãÓ â ß ä Ò Õ à Ò ãÕ â (A.9)Î�åÎ	Ï å Ð
Ñ Ò Ó Ô Ò Õ Ô ÏcÖ ×××× Ø Ù	ÚÜÛ Ð
Ñ Ò Ó Ô Ò Õ Ô Ý Ö²ß ä à¡æ Ò ÞÓÜç Ò åÓ â ß ä à$æ Ò ÞÕ²ç Ò åÕ â (A.10)

The derivativesof Ð¥Ñ Ò Ó Ô à Ò Õ Ô ÏcÖ areeasily found by substituting à Ò Õ for Ò Õ in the above.

Becausethefirst andthird derivativesareoddfunctionsof Ò Ó and Ò Õ Ô it is immediatelyseen

thattheTaylor seriestermswith oddpowersof
Ï

will cancelleaving only theevenpowers

of
Ï�è

Adding theappropriatederivativesyieldsthefollowing for theintegrand:é Ñ Ï�ê Ö Ûgë Ð
Ñ Ò Ó Ô Ò Õ Ô Ý Ö,ì á¶ç áí ß Ò ÞÓÜàgá â ß Ò ÞÕÜàgá â Ï�ê îç áí ë ß ä à$æ Ò ÞÓ²ç Ò åÓ â ß ä à¡æ Ò ÞÕÜç Ò åÕ â Ï�ê ï ð ç$ñóò Ï�ê ô õ (A.11)

Finally, integratingtheaboveyields:ö Ó Õ Û í÷ùø úcû ì à áí ß Ò ÞÓÜç Ò ÞÕ â ðýüþì Ï ç áæ ß Ò ÞÓÜàgá â ß Ò ÞÕÜàgá â Ï ã çáá í Ý ß ä à¡æ Ò ÞÓÜç Ò åÓ â ß ä à$æ Ò ÞÕ²ç Ò åÕ â Ï�ÿ ð ç$ñ ß Ï�� â (A.12)
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APPENDIX B

Digital RadiometerSensitivity

This appendixcontainsa derivation of the sensitivities of both the cross-andautocorre-

lating channelsof thedigital polarimeter. Thesesensitivities areassumedto beoptimized

with respectto theA/D converterthresholdlevel.

B.1 Cross-correlator Sensitivity

Thesensitivity of thethird Stokesparametercross-correlatingchannelis������� 	�

�������� � ���� � � ������� (B.1)

Usingthechainrule, thederivative in thedenominatoris expanded:��� � ���� � � ��� � ���� ������ � (B.2)

Thederivative
��� � � �����

evaluatedfor small
�

canbecomputedusing(2.16)and(2.17):� � � !#" ������ � � � � !$" ��% � ��% ��& ')( ��% � * � + ��% � * � , ��-�. ')( /$��% � * � + ��% � * � , ��- .')( � % � * � + /0� % � * � , ��-�. ')( /$� % � * � + /$� % � * � , ��- 1� � � � !$"�2 � % � � % � & '3( � % � * � + � % � * � , ��-�. '3( /0� % � * � + � % � * � , ��- 1 (B.3)

For the typical correlator, thechannelsareassumedto be balanced(i.e., ��% � � ��% � � � )
andthethresholdlevelsfor bothof theinput A/D convertersareassumedto beequal(i.e.,



4 5$674 896:4
). Simplifying theabove:; < => ?$@ A�BA�C 6D; < => ?#@�E�FHG3I J3K F 4�L F 4�M C�N�O J)K P$F 4�L F 4�M C�N Q6 E F G I J)K F 4�L F 4�M R N�O J)K P$F 4�L F 4�M R N Q67S F G J3K F 4�L F 4�M R N (B.4)

Theremainingderivative is obtainedfrom (2.5):A�CA�T�U 6 VE�W T�X Y Z [ Z TH\ Y Z [ Z (B.5)

In thenumeratorof (B.1), thestandarddeviationof ] B 5 8 is foundby definition:F�^_ ` a 6cb d ]B G5 8 e P d ] B 5 8 e G (B.6)

Underthelimiting caseof
C�f R

, theexpectedvalueof thedigital covarianceis zero:; < => ?$@ d ] B 5 8 e 6:R�g (B.7)

Thestandarddeviationnow is ; < => ?#@�F�^_ ` a 6h; < => ?#@ b d ]B G5 8 e g (B.8)

Expandingthequantity
d ] B G5 8 e resultsin:; < => ?$@ d ] B G5 8 e 6h; < => ?#@3ikj Vlnmop q�rHs K t 5 K u T
N N s K t 8 K u T0N N v j Vlwmox q�r�s K t 5 K y T
N N s K t 8 K y T
N N v9z6h; < => ?#@3i Vl G mo p q�r mox q�r s K t 5 K u T0N N3{ s K t 8 K u T0N N3{ s K t 5 K y T
N N3{ s K t 8 K y T0N N z6h; < => ?#@ Vl G mo p qHr mox qHr d s K t 5 K u T0N N3{ s K t 8 K u T
N N�{ s K t 5 K y T
N N3{ s K t 8 K y T
N N e

(B.9)

Evaluatingthe limit allows theexpectedvaluewithin thedoublesumto beseparatedinto

two partsbecauset 5 and t 8 arestatisticallyindependentwhen
C�f R

:; < => ?#@ d ]B G5 8 e 6nVl G mo p qHr mox qHr d s K t 5 K u T0N N s K t 5 K y T
N N e d s K t 8 K u T
N N s K t 8 K y T
N N e (B.10)
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Furthermore,becausethesamplesareindependentandidenticallydistributed,all non-zero

lag productsarezero; | }�~ � ��~ ���
� � }�~ � ��~ ���
� � ���h� for ����h� . Theabovedoublesumma-

tion becomes � � �� �#� | ����� � �9�n�� ����� ���3� }�� ~ � � ~ ���
� � � � }�� ~ � � ~ ���
� � �� ��h| }�� ~ � � � � | }�� ~ � � � �� ��h| � ¡ �� � | � ¡ �� � ¢ (B.11)

Finally, by combiningthepreviousresults,theradiometricsensitivity is found:� � �� �$��£ �3¤ ¥ ¦�§0¨��ª© | � ¡ �� � | � ¡ �� � �H« ¥ ¬ ­ ¬ ��® ¥ ¬ ­ ¬¯�° � ± ~ °�²�³ °H²�´ ��� µ � (B.12)

Theaboveexpressioncanbewritten in termsof
²

by substitutingin (2.8)and(2.12):� � �� �#��£ � ¤ ¥ ¦�§0¨ � ¯ ¶3· ¸ ¹µ �»º �#¼�½ ~ ² � ¾ © ��« ¥ ¬ ­ ¬ �H® ¥ ¬ ­ ¬ (B.13)

Computingthevalueof
²

for theminimum £ ��¤�¥ ¦�§
¨ canbedoneusingNewton’smethod.

Theoptimal
²

is 0.61with £ � ¤ ¥ ¦�§0¨ � ¯ ¢ ¿�Àµ � © ��« ¥ ¬ ­ ¬ �H® ¥ ¬ ­ ¬ (B.14)

Comparethis to thecontinuouscorrelator£ � ¤�¥ ¦�§
¨ � ¯µ � © �H« ¥ ¬ ­ ¬ ��® ¥ ¬ ­ ¬ (B.15)

B.2 Total-power Sensitivity

Thesensitivity of thetotal-powerchannelis foundsimilarly:£ ��Á ¥ ¦�§0¨�� © | ~ � ¡ �Á � � � ¼ | � ¡ �Á � �Â | � ¡ �Á � Ã Â �HÄ ��Å ¥ Á (B.16)

Onceagain,thedenominatoris expandedusingthechainrule:Â | � ¡ �Á �Â ��Ä �3Å ¥ Á �
Â | � ¡ �Á �Â ~ ° �« Æ � Â ~ ° �« Æ �Â ��Ä �3Å ¥ Á (B.17)
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Thefirst termin theproductis thedifferentialrelationshipbetweentheinput voltagevari-

anceandtheoutputof thetotal-powerchannelof thedigital correlator. From(2.12),Ç3È É Ê ËÌ�ÍÇ3Î Ï ËÐ Ñ�Ò
ÓhÔ ÇÇ3Î Ï ËÐ Ñ�ÒÖÕ ×#Ø�ÙDÚÜÛ Ý Þ ß Ìà Ï ËÐ Ñ3á
âÓãÛ Ý Þ ß ÌÏHäÐ Ñ�å Ô æÖç è�é Õ Ø ×Ôëê Û Ý Þ ß ÌÏ Ð Ñ�ì Ë â (B.18)

Recalling(2.15),thevarianceof theinput voltagesignalisÏ ËÐ Ñ Ó7í0î ï�ðòñ Ì Î óHô�õ�ö ß Ì$÷ ó�ø�ù�ú ß Ì Ò (B.19)

sothat Ç3Î Ï ËÐ Ñ ÒÇ�ó�ô�õ3ö ß Ì Ó Ï ËÐ Ñó Ì ß û ü û (B.20)

where
ó Ì ß û ü û Ó óHø�ù�ú ß Ì0÷ ó�ô�õ3ö ß Ì . Combiningthetwo derivativesyieldsÇ3È É Ê ËÌ ÍÇ�ó ô�õ�ö ß Ì Ó ×ó û ü û ß Ì å Ô æ ê Û Ý Þ ß ÌÏ Ð Ñýì ç è�é Õ Ø ×Ôëê Û Ý Þ ß ÌÏ Ð Ñ�ì Ë âÓ ×ó û ü û ß Ì å Ô æ#þ Ì�ÿ�� �� � �Ñ�� (B.21)

In thenumeratorof (B.21),thestandarddeviationof
É Ê ËÌ

is foundby definition:à È Î É Ê ËÌ Ò Ë Í Ø È É Ê ËÌ�Í Ë (B.22)

This is computedby first expandingtheexpectedvalueof
Î É Ê ËÌ Ò Ë :È Î É Ê ËÌ Ò Ë Í Ó � Õ ×� õ	
 �
��� Ë Î Û Ì Î ��ó Ò Ò â Õ ×� õ	� ����� Ë Î Û Ì Î ��ó Ò Ò â��Ó � ×� Ë õ	 
 ��� õ	� �
� � Ë Î Û Ì Î ��ó Ò Ò � Ë Î Û Ì Î ��ó Ò Ò �Ó ×� Ë õ	 
 ��� õ	� ���
� � Ë Î Û Ì Î ��ó Ò Ò � Ë Î Û Ì Î �ýó Ò Ò �

(B.23)
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Becausethesamplesof � � areindependentandidenticallydistributed,theaboveexpected

valuecanbewritten:� ��� � � � � �
�!  ��� � ��� � "#�!  $&%(') *,+ � � � � � � �
�!  - + � � � � � � "#�!  - for
�/.%,"+ ��0 � ��� � �
�1  - for
�2%," (B.24)

Conveniently, by thedefinitionof
�3� �  , ��0�� �  1%4� � � �  5 Substitutingthesetwo casesinto

thedoublesummationyields+ � 6 7 ��  � -�%98: �<;=> ?
@ � � � � � � � �
�!  $�A 8: �B;= > ?
@ ;=C ?
@>ED? C � � � � � � � �
�1  $�� � � � � � � "#�!  $%(8: + 6 7 �� - A4F 8HG 8:JI + 6 7 �� - � (B.25)

Thevarianceof
6 7 �� isK + � 6 7 ��  � - G + 6 7 �� - � %ML 8: + 6 7 �� - A F 8HG 8: I + 6 7 �� - � G + 6 7 �� - �%MN 8: + 6 7 �� -3� 8&G + 6 7 �� -  %MN 8:PO 8&GJQ � R �  S Q � R �  (B.26)

Formingthequotient(B.16)with thevariance(B.26)andthederivative(B.21)pro-

duces T � ��U V�W!X %4Y Z [R �<\
]^ _ ^` K Q � R �  GJQ � � R �  �3a b a U �Y : 5 (B.27)

Theoptimumvalueof
R � for besttotal-power radiometersensitivity is foundby minimiz-

ing

T � � U V�W1X with respectto
R � . Again, this canbe donenumerically. The sensitivity is

minimizedat
R � % 8 5 c d suchthatT � � U V�W1X % 8 5 Z d ��a b a U �Y : (B.28)

For operationof thepolarizationcorrelatingradiometer, however, thevalueof
R � is setto

minimizethenoiseof the
�fe

measurement.At theoptimalpoint for
�3e

where
R � %hg�5 i 8�j

thesensitivity of thetotal-powerchannelisT � � U V�W1X % Z 5 Z g ��a b a U �Y : (B.29)
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APPENDIX C

Thr esholdOffset Effects

Perturbationsin thethresholdvoltageswill changetheoutputof thedigital correlator. With

asymmetricthresholdlevels, the digital correlationcoefficient can be computedby the

following:k l monpk l m q r s
touv�w x v�w y
z rth{f| v�w x | } l�u/~ l � � v�w y | } m�uJ~ m � � ��� �3u {f| v�w x | } l�u/~ l � � v�w y | �&} m�u/~ m � � ��� �3u{o| v w x | �&} l u/~ l � � v w y | } m u/~ m � � ��� �3u {o| v w x | �1} l u/~ l � � v w y | �&} m u/~ m � � ��� � �E��� � (C.1)

Usingthedefinitionfor thebivariatenormalpdf (A.3), theabovebecomesk l m npk l m q r s
t uJz rt/�f| } l u/~ l � } m u/~ m � ��� �3u �3| } l u/~ l � �1} m u/~ m � ��� �3u�f| �&} l�u/~ l � } m�u/~ m � � � �3u �3| �1} l�u/~ l � �&} m�u/~ m � � � � �E� � � (C.2)

To determinethebehavior of k l m with respectto ~ l and ~ m � weneedto expresstheintegrand

in a three-dimensionalpowerseriesin ���E~ l and ~ m . Theintegrandis� | ��� ��n �f| } l u/~ l � } m u/~ m � ��� �3u �f| } l u/~ l � �&} m u/~ m � ��� �3u�3| �1} l�u/~ l � } m3u/~ m � � � �3u �f| �&} l�u/~ l � �&} m�u/~ m � � � � (C.3)

andits expansionin � � is nearlyidenticalto thatin sectionA. TheTaylor seriesexpansion

is � | ��� ��n � | � �3u ��� � � | � �����Eu���E� ��� � � | � ����� �ouP���� ��� � � | � ����� �fu��� � ��� � � | � ����� �ou�� � � (C.4)



Whatremainsis to determinethetwo-dimensionalTaylorseriesin � � and � � of eachof the

termsof the integrand. Throughoutit is assumedthat � � and � � are ��� ��  andthe Taylor

seriesaregenerallytruncatedbeyond ��� � ¡  
¢
Thefirst termof £1� ¤�¥   is£1� ¦E �§/¨3� © ��ª/� � « © ��ª/� � « ¦� �ªB¨f� © ��ª/� � « ¬&© ��ª/� � « ¦� �ª¨3� ¬1© ��ª/� � « © �3ª/� � « ¦� 3ªB¨3� ¬1© ��ª/� � « ¬&© ��ªJ� � « ¦�  (C.5)

Thereare four instancesof a term with the form ¨3� ­®ª<¯�« °±ª³² « ¦E  « where ­4§µ´1© � «°#§h´!© � «�¯#§,� � «�²&§,� � ¢ Thetwo-dimensionalTaylor seriesabout­ and ° will bederived

thenappliedto theabove.

Theexpression̈3� ­!ª®¯�« °HªB² « ¦E  is theproductof two standardnormalpdfs: ¨f� ­!ª¯�« °¶ª�² « ¦� &§p·¶� ­�ª�¯�  ·¶� °¶ª�²   « where ·¶� ­� 1§¹¸º ¡ »
¼ ½�¾ ¿ À ¡ is thestandardnormalcurve

[1, (26.2.1)].TheTaylor seriesof this productis¨f� ­ÁªJ¯�« °!ª/² « ¦� o§h·¶� ­3  ·¶� °� �ªJ·1Â ¸ Ã � ­3  ·¶� °�  ¯1ªJ·¶� ­3  ·1Â ¸ Ã � °�  ²oªÄÅEÆ�Ç · Â ¡ Ã � ­�  ·¶� °�  ¯ ¡ ª Å · Â ¸ Ã � ­�  · Â ¸ Ã � °�  ¯�²oªJ·¶� ­3  · Â ¡ Ã � °�  ² ¡ È ª�¢ ¢ ¢ (C.6)

Thederivatives · Â É Ã � ­3  of thestandardnormalpdf canbeexpressedin termsof Hermite

polynomials[1, (26.2.32)]:·1Â É Ã � ­� �§<� ¬ Ä   ½ É Å ½ É À ¡ ·¶� ­�  Ê É � ­Ë Å   « (C.7)

wherethe first threeHermite polynomialsare ÊÁÌ � ­� 2§ Ä «�Ê ¸ � ­3 ±§ Å ­f« and Ê ¡ � ­� 2§Í ­ ¡ ¬ Å ¢ For example,thesecondderivativeof ·¶� ­�  is·1Â ¡ Ã � ­3 �§<� ¬ Ä   ½ ¡ Å ½ ¡ À ¡ ·¶� ­�  Ê ¡ � ­Ë Å  §h·¶� ­� �Î ­ ¡ ¬ Ä Ï (C.8)
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Substitutingtheseresultsinto (C.5),thefirst termof theintegrandisÐ1Ñ ÒEÓ�ÔhÕ¶Ñ Ö × Ó Õ¶Ñ Ö Ø Ó3ÙJÕ1Ú Û Ü Ñ Ö × Ó Õ¶Ñ Ö Ø Ó Ý ×�ÙJÕ¶Ñ Ö × Ó Õ1Ú Û Ü Ñ Ö Ø Ó Ý Ø�ÙÞßEà�á Õ Ú â Ü Ñ Ö × Ó Õ¶Ñ Ö Ø Ó Ý â× Ù ß Õ Ú Û Ü Ñ Ö × Ó Õ Ú Û Ü Ñ Ö Ø Ó Ý × Ý Ø ÙJÕ¶Ñ Ö × Ó Õ Ú â Ü Ñ Ö Ø Ó Ý âØ ã ÙÕ¶Ñ Ö × Ó Õ¶Ñ Ö Ø Ó3ÙJÕ Ú Û Ü Ñ Ö × Ó Õ¶Ñ Ö Ø Ó Ý ×�ä Õ¶Ñ Ö × Ó Õ Ú Û Ü Ñ Ö Ø Ó Ý Ø ÙÞßEà á Õ1Ú â Ü Ñ Ö × Ó Õ¶Ñ Ö Ø Ó Ý�â× äJß Õ1Ú Û Ü Ñ Ö × Ó Õ1Ú Û Ü Ñ Ö Ø Ó Ý × Ý Ø�ÙJÕ¶Ñ Ö × Ó Õ1Ú â Ü Ñ Ö Ø Ó Ý âØ ã ÙÕ¶Ñ Ö × Ó Õ¶Ñ Ö Ø Ó ä Õ1Ú Û Ü Ñ Ö × Ó Õ¶Ñ Ö Ø Ó Ý ×�ÙJÕ¶Ñ Ö × Ó Õ1Ú Û Ü Ñ Ö Ø Ó Ý Ø�ÙÞßEà�á Õ Ú â Ü Ñ Ö × Ó Õ¶Ñ Ö Ø Ó Ý â× äJß Õ Ú Û Ü Ñ Ö × Ó Õ Ú Û Ü Ñ Ö Ø Ó Ý × Ý Ø ÙJÕ¶Ñ Ö × Ó Õ Ú â Ü Ñ Ö Ø Ó Ý âØ ã ÙÕ¶Ñ Ö × Ó Õ¶Ñ Ö Ø Ó ä Õ Ú Û Ü Ñ Ö × Ó Õ¶Ñ Ö Ø Ó Ý ×�ä Õ¶Ñ Ö × Ó Õ Ú Û Ü Ñ Ö Ø Ó Ý Ø ÙÞßEà�á Õ1Ú â Ü Ñ Ö × Ó Õ¶Ñ Ö Ø Ó Ý�â× Ù ß Õ1Ú Û Ü Ñ Ö × Ó Õ1Ú Û Ü Ñ Ö Ø Ó Ý × Ý Ø3ÙJÕ¶Ñ Ö × Ó Õ1Ú â Ü Ñ Ö Ø Ó Ý�âØ ã Ù�å å å
(C.9)

Because
Õ¶Ñ æ3Ó

and ç â Ñ æ�Ó areeven functions,
Õ Ú â Ü Ñ æ�Ó

is alsoeven; conversely, ç Û Ñ æ3Ó is

odd,which makes
Õ Ú Û Ü Ñ æ�Ó

odd.Thisallows theabove to begreatlysimplified:Ð&Ñ Ò�Ó�Ô�è�é�Õ¶Ñ Ö × Ó Õ¶Ñ Ö Ø Ó3Ù ÞßEà á Õ Ú â Ü Ñ Ö × Ó Õ¶Ñ Ö Ø Ó Ý â× ÙJÕ¶Ñ Ö × Ó Õ Ú â Ü Ñ Ö Ø Ó Ý âØ ã ê Ù�å å åÔ�è ë3Ñ æfì í
ì ÒEÓ&é Þ&ä Þß2á î ÞHä Ö â× ï Ý â× Ù î Þ&ä Ö âØ ï Ý âØ ã ê Ù/ð�Ñ Ý�ñ Ó (C.10)

Thesecondtermin theTaylor seriesof
Ð1Ñ ò�ó Ó

isÐ Ú Û Ü Ñ Ò�Ó�ò ó ÔõôÁöö ò ë3Ñ Ö × Ù/Ý × ì Ö Ø Ù/Ý Ø ì ò�Ó ÷÷÷÷ ø ù
ú Ùûöö ò ëfÑ Ö × Ù/Ý × ì ä Ö Ø Ù/Ý Ø ì ò�Ó ÷÷÷÷ ø ù�ú Ùöö ò ë3Ñ ä Ö × Ù/Ý × ì Ö Ø Ù/Ý Ø ì ò�Ó ÷÷÷÷ ø ù
ú Ù öö ò ëfÑ ä Ö × Ù/Ý × ì ä Ö Ø Ù/Ý Ø ì ò�Ó ÷÷÷÷ ø ù
ú ü ò ó (C.11)

Thefirst partialderivative with respectto
ò�ì

evaluatedat zero,of thebivariatenormalpdf

is öö ò ë3Ñ Ö × ì Ö Ø ì ò�Ó ÷÷÷÷ ø ù�ú Ô/ë3Ñ Ö × ì Ö Ø ì ÒEÓ Ö × Ö ØÔ,Ö × Õ¶Ñ Ö × Ó Ö Ø Õ¶Ñ Ö Ø Ó (C.12)
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Thus, ý�þ ÿ � � ������� � 	�
�� 	 � 
�� � 	�
�� 	 � � � ��
�� � � 
�� � ��
�� � ��
� � 	 
�� 	 � 
�� � 	 
�� 	 � � ��� � 
�� � � 
�� ��� � 
�� � ��
� ��� 	 
�� 	 � 
�� ��� 	 
�� 	 � � � � 
�� � � 
�� � � 
�� � ��
� ��� 	�
�� 	 � 
�� ��� 	�
�� 	 � � ��� ��
�� � � 
�� ��� ��
�� � ���� � � 	�
�� 	 � 
�� � 	�
�� 	 ��
�� ��� 	�
�� 	 � 
�� ��� 	�
�� 	 � ���� � � � 
�� � � 
�� � � 
�� � ��
�� ��� � 
�� � � 
�� ��� � 
�� � � �
(C.13)

Next, considertheexpression
� � ��
�� ��� 
�� � ��
�� ����
�� ��� ��
�� ��� 
�� ��� ��
�� ���

by expanding

thestandardnormalpdfsin onedimensionalTaylorseries:� � � 
�� � �� 
�� � � ��
!
 þ ÿ � � � � � � � 
#"$�% 
 þ & � � � � � � � 
(' ' ' )*
� ��� � 
�� � �+ 
�� ��� � ��
!
 þ ÿ � � ��� � � � � 
#"$�% 
 þ & � � ��� � � � &� 
(' ' ' )�(� �  
�� � � ��
!
 þ ÿ � � � � � � � 
#"$�% 
 þ & � � � � � � &� 
(' ' ' )��� �  
�� � �����!
 þ ÿ � � � ��� � ��
,"$�% 
 þ & � � � ��� � &� 
(' ' ' )
�� �  
�� � ����
!
 þ ÿ � � � ��� � ��
#"$�% 
 þ & � � � ��� � &� 
(' ' ' )
�� �  
�� � �����!
 þ ÿ � � � ��� � ��
 "$�% 
 þ & � � � ��� � &� 
(' ' ' )�(� ��- $ 
 þ ÿ � � � � � � � 
(' ' ' ./
 $ � �  
�� � � ��
,"$�% 
 þ & � � � � � � &� 
(' ' ' )�0
�� � � � � ��- " � $ � &� ./
�1 - �32� .

(C.14)

Finally, substitutingtheaboveseriesinto the 4 and 5 termsof (C.13)yieldsthefollowing:ý�þ ÿ � � ����� $ � 	 � � 6�� � 	 7 � � 7 ����- " � $ � &	 . - " � $ � &� . 
�18� � 2 � (C.15)
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Thethird termin theseriesexpansionof 9�: ;3< = contains9�> ? @A: B�=�CED : F G�H�I G = ?�J(K L�M�: F G�H�I G =/D : F N�H�I N = ?�J(K L�M�: F N�H�I N =�HD : F G H�I G = ? J!K L M�: F G H�I G = D : J�F N H�I N = ? J(K L M�: J�F N H�I N =�HD : J�F G H�I G = ? J(K L M�: J�F G H�I G = D : F N H�I N = ? J(K L M�: F N H�I N =�HD : J�F G�H�I G = ?�J(K L�M�: J�F G�H�I G =/D : J�F N�H�I N = ?�J!K L�M�: J�F N�H�I N =CED O F3?G H!P F G I G�H�I3?G J!K Q�M�: F G�H�I G =�HRO F3?G J�P3F G I G�H�I ?G J(K Q�M�: J�F G�H�I G = L+SD O F ?N H!P F N I N H�I ?N J(K Q M�: F N H�I N =�H O F ?N J!P F N I N H�I ?N J(K Q M�: J�F N H�I N = L
(C.16)

Considerthefollowing expressionby expandingM in apowerseries:O F3?T H!P3F T I T H�I3?T J(K Q�M�: F T H�I T =�HRO F3?T J!P3F T I T H�I ?T J(K Q�M�: J�F T H�I T =CUO F3?T H!P F T I T H�I ?T J(K Q8V M�: F T =�H!M�> W @ : F T = I T H KP�X M�> ? @ : F T = I ?T H(Y Y Y Z�HO F3?T J!P3F T I T H�I3?T J!K Q8V M�: J�F T =�H!M�> W @ : J�F T = I T H KP�X M�> ? @ : J�F T = I3?T H(Y Y Y ZC0P O F3?T H�I3?T J!K Q8V M�: F T =�H KP�X M�> ? @ : F T = I3?T H(Y Y Y Z H�[3F T I T D M�> W @ : F T = I T H(Y Y Y L HC0P O F ?T H�I ?T J!K Q8V M�: F T =�H KP�X M�: F T = O F ?T J!K Q I ?T Z H�\3F T I T F T M�: F T = I T H(Y Y YC0M]: F T = O O F ?T J(K Q I ^T H O _ F ?T H�F ^T H�` Q I ?T H!P3F ?T J!P Q H(Y Y Y
(C.17)

Substitutingtheaboveresultinto (C.16)produces,

9a> ? @a: B�=�C�b�: F G c F N c B�= D O _ F3?G H�F ^G H�` Q I ?G H!P3F3?G J!P L SD O _ F3?N H�F ^N H�`�Q�I ?N H!P3F3?N J!P L�H�d�O I ^ Q (C.18)

Combiningandintegratingthefirst threetermsof theintegrand(C.10),(C.15),and
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(C.18)resultsine f g�hie f g j k lam�n�o p�q r f s r g s t�u/v�w/x wy{z | w/x�r3}f ~�� }f n | w�x�r3}g ~�� }g � ��� n� f � g p�q r f s r g s t�u | w/x y r }f ~ | w�x y r }g ~�� } nw� p�q r f s r g s t�u | | � r3}f n�r �f n � ~ � }f n y r3}f x y ~ | | � r3}g n�r �g n � ~ � }g n y r3}g x y ~ ��� n� | � � s �3� ~hie f g j k lam n�o p�q r f s r g s t�u�� � n w� | r3}f x(w ~ | r3}g x(w ~ ��� � no p�q r f s r g s t�u+� x wy z | w�x�r3}f ~ � }f n | w/x�r3}g ~ � }g � � nwo � f � g | w/x y r3}f ~ | w�x y r3}g ~�� }�nx w� z | � r3}f n�r �f n � ~ | w�x�r3}g ~�� }f n | w/x�r3}f ~ | � r3}g n�r �g n � ~�� }g ����� � n� | � � s � � ~
(C.19)

Therearetwo differentpower seriesin � thatcanbeidentifiedin theabove. Thesearethe

idealrelationshipbetween� and e andanerrorseriescausedby nonzerothresholdoffsets� f and � g :e f g h(e f g j k lAm n�e f g j � � l � � lam n y��� ��� � x wy�| r3}f n�r3}g ~ �{�� x wy�z | w/x�r3}f ~�� }f n | w�x]r3}g ~�� }g ��� n wo � f � g | w�x y r3}f ~ | w/x y r3}g ~�� } nx w��� | � r }f n�r �f n � ~ | w�x�r }g ~�� }f n | w/x�r }f ~ | � r }g n�r �g n � ~�� }g � � � � n � | � � s � � ~
(C.20)
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APPENDIX D

SimulatedSatelliteRetrievals

Thisappendixcontainsthesimulationresultsof thefour datasetsandthreecasesdiscussed

in Chapter7.
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FigureD.1: Resultsof the four-fold searchfor ML solutionsbeforeambiguity removal
for dataset1. The true ML solutionsareplottedaslines andthe local-minimasolutions
denotedby individualpoints.
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FigureD.2: Four-fold searchresultsafterambiguityselectionfor dataset1. Theaccepted
ML solutionsand chosenambiguitiesare plotted as lines and the rejectedsolutionsas
points.

210



−20 −10 0 10 20

−20

−10

0

10

20

v−
co

m
po

ne
nt

 (
m

 s
−

1 )

2−Look, 3−Pol

−20 −10 0 10 20

u−component (m s−1)

2−Look, 2−Pol

−20 −10 0 10 20

1−Look, 3−Pol
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FigureD.4: SameasFigureD.1 exceptfor dataset2.
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FigureD.5: SameasFigureD.2 exceptfor dataset2.
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FigureD.6: SameasFigureD.3 exceptfor dataset2.
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FigureD.7: SameasFigureD.1 exceptfor dataset3.
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FigureD.8: SameasFigureD.2 exceptfor dataset3.
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FigureD.9: SameasFigureD.3 exceptfor dataset3.
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FigureD.10: SameasFigureD.1 exceptfor dataset4.
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FigureD.11: SameasFigureD.2 exceptfor dataset4.
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